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Abstract 
This thesis presents a feasibility study of using microwave and millimetre wave 
radiations to assess burn wounds and the potential for monitoring the healing process 
under dressing materials, without their removal. As interaction of these types of 
radiations with the human body is almost exclusively with the skin, there is potential 
in others areas of medicine such as early skin cancer detection and the diagnosis of 
skin conditions such as eczema and psoriasis. This study involves developments of 
experimental methodologies, electromagnetic modelling, and measurements 
conducted on human skin (in vivo from 150 healthy participants), porcine skin 
samples (ex vivo from 20 fresh samples), and dressing materials (20 samples). 
Radiometric measurements obtained from the human skin over the frequency band 
(80-100) GHz show that the emissivity of the skin varies consistently over different 
regions of the hand and forearm, with gender, ethnicity, body mass index, age, and 
hydration level of the skin. A half space electromagnetic model of human skin has 
been developed and simulations using this model indicate that the human skin can be 
modelled as a single layer over the band 30 GHz to 300 GHz. The model also indicates 
that the band could be used to detect burns and a range of medical conditions 
associated with the skin. Experimental data collected from samples (human and 
porcine) have been measured by passive and active imaging systems and the results 
analysed in terms of the emissivity and the reflectivity of the skin. The major outcomes 
of the thesis are that microwave and millimetre wave radiations are capable of 
discriminating burn-damaged skin from healthy tissue and these measurements can be 
made through bandages without the sensor making any physical contact with the skin 
or the bandage.   
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Chapter 1 
Introduction 
This chapter presents an overview of the research problem, the thesis aim and 
objectives, a list of contributions to knowledge, and a list of publications arising from 
this research. 
1.1 Overview   
Burns are a very common cause of injury with over a quarter of a million people 
requiring treatment a year in the UK and costing the National Health Service (NHS) 
millions of pounds [1]. Globally, this figure is far greater. The current management of 
burn wounds i.e. (visual inspection) involves the removal of dressing materials for 
monitoring the wound healing progress and detecting the signs of infection, as 
illustrated in Figure 1.1.   
 
Figure 1.1: Visual inspection for assessing bandage wound (burn wound) [2]. 
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The removal of dressing materials causes pain, anxiety and discomfort for the patients, 
particularly for children. In addition, it also causes distress to the parents/carers, and 
the frequent visits to hospital results in loss of person-hours from work.  Furthermore, 
frequent exposure and handling of the wounds for washing during dressing changes 
could potentially cause damage to the neo-epithelium covering the wound bed and 
increase the risk of infection. 
Currently, there are no methods for effectively assessing the wound healing progress 
without removing the dressing materials. A technique that could identify the healing 
state of a burn wound under dressing material is of great interest to patients, healthcare 
professionals, the National Health Service, and the private healthcare industry. It 
would reduce the pain, anxiety and distress caused by wound dressing changes, as well 
as reducing healthcare interventional time. Because electromagnetic radiation at 
microwave and millimetre wave frequencies can propagate through typical dressing 
materials with little attenuation (less than 0.85 dB for both Ka and W bands) [3], these 
bands of the electromagnetic spectrum are promising for assessing bandaged wounds.  
Several other clinical scenarios would also benefit from such a technique.  Patients 
who have sustained fractures will require plaster casts for prolonged periods of time. 
Often these patients may also have cutaneous wounds that would require periodic 
inspection to determine the wound healing status.  This inevitably requires the plaster 
cast to be removed or a window placed in the cast overlying the wound. The mechanics 
of this interfere with the healing of the underlying fractured bone.  Hence, if a system 
were available to inspect the healing state of the wound through the plaster cast and 
the dressings, it would be possible to reduce the frequency of plaster cast changes. 
Another group of patients to benefit would be patients who have relatively clean 
venous leg ulcers with minimal exudates requiring the prolonged wearing of 
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compression bandages [3]. In this case, the technique will be very useful as it can 
monitor the wound healing process without the dressings removal as the removal 
might delay the healing of the wounds for those patients.   
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 1.2 Thesis Aim and Objectives 
The aim of this thesis is to investigate the feasibility of using radiation in the 
microwave/millimetre wave region (30-300) GHz to assess and monitor changes to 
the burns wound under dressing materials without the necessity of dressings removal. 
This capability might be useful in the monitoring of the wound healing process under 
dressing materials. To meet this aim, the following objectives are defined:   
1. Develop a model for diagnosing the contrast between natural skin and damaged 
skin i.e. (skin with burns, skin mutated by basal cell carcinoma, and skin with 
different water contents).  
2. Assess the variation in emissivity between individuals and locations on the 
arm.  
3. Demonstrate how passive millimetre wave (PMMW) imaging systems can be 
used for monitoring changes in emissivity under dressing materials.  
4. Determine the feasibility of using active millimetre wave radar systems to 
penetrate dressing materials and provide information about the propagation 
path length through dressing materials i.e. (thickness of the dressings).  
5. Determine the feasibility of sensing and imaging burns under dressing 
materials using both passive and active imaging systems.  
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 1.3 Contributions to Knowledge 
The major outcome of this thesis is that it is possible to discriminate a burn wound 
from a healthy skin under dressing materials using microwave and millimetre wave 
(MMW) radiation. This highlights the opportunity that the healing of burn wounds 
may be assessed and monitored without the removal of dressing materials. This has 
been assessed using measurements performed on human skin (in vivo) and fresh 
porcine skin samples (ex vivo) using both active and passive imaging systems. Other 
novel and unique contributions that have been achieved in this research are addressed 
as follows: 
 The half space model presented in chapter 3 is used for calculating the 
emissivity of healthy and damaged skin in the MMW region of the 
electromagnetic spectrum. The model indicates a well-defined contrast in the 
emissivity between healthy skin and damaged or diseased skin. This contrast 
can be measured experimentally without touching or making contact with the 
human body using radiometry. Non-contact screening methods are often 
desirable in medical applications as they are quick and less painful. The half-
space model, therefore, introduces a novel means to analyse the performance 
of radiometry as a new non-contact diagnostic tool. To the best of the author’s 
knowledge, there is no available data in the open literature about the emissivity 
of healthy and damaged skin in the MMW band. Therefore, modelling of the 
emissivity of human skin at MMW lengths is required to bridge this gap, to 
help assess the feasibility of non-invasive (non-contact) diagnosis of diseased 
or damaged skin where the disease or the damage changes the water content of 
the skin.  
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 Human skin emissivity measurements presented in chapter 4 indicate that there 
is a signature for the human skin. The key innovation in this is in recognising 
that signatures from the human body enable regions of the body to be identified 
as skin. These signature variations from the skin are small (down to tens of 
milliKelvin), with changes taking place on scale lengths of a centimetre. This 
has been overlooked until now, as the sensitivities of existing PMMW imagers 
are typically in the region of a few Kelvin and with spatial resolutions greater 
than one centimetre. Consequently, anyone who would have looked would not 
have observed these subtle effects of the skin. The development of a precisely 
calibrated radiometer having a radiometric sensitivity of 5.0 mK with a 
centimetre spatial resolution on the skin has enabled new measurements of the 
human skin to be made, for exploitation in the fields of medicine and security 
screening.  
 A development of an experimental setup and different methodologies for 
measuring the emissivity of porcine skin samples in chapter 5 reveal that there 
is a signature for the burn that can be detected using a 90 GHz calibrated 
radiometer. This signature is observed through dressing materials. These 
findings are unique and they suggest that MMW radiometry might be used as 
a new type of medical diagnostic, potentially to monitor burn wound healing 
under dressing materials or identify unusually high or low levels of emissivity 
values, which may indicate a deviation from a normal healing process. 
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 The development of an experimental setup and data processing methodology 
combined with a deconvolution technique to generate high-quality images 
from the radar is presented in chapter 6. The images obtained, prove for the 
first time the capability of the pulse synthesis radar system to provide 
information about the propagation path length of the dressing materials, and 
the attenuating effect of the bandages and medicinal creams. This capability 
might be used to detect and monitor burn wound healing under dressing 
materials in non-contact with the human body. 
 
 Experimental images obtained from porcine skin samples in chapter 7 confirm 
the feasibility of detecting burns and features of the skin under dressing 
materials using passive (non-coherent) and active (coherent) imaging scanners. 
These unique findings enable microwave and MMW radiation to be used for 
evaluating the wound healing progress under dressing materials as they show 
edges, irregularities, burns and variation in the reflectance of the samples.  
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1.5 Thesis Structure 
The overall structure of the thesis is outlined as illustrated in Figure 1.2.                               
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                                
Figure 1.2: A block diagram shows the detailed structure of the thesis. 
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Chapter 2 presents two phases of literature reviews; phase one reviews the MMW 
and the dielectric properties of the healthy and diseased human skin, whilst phase two 
provides a medical background and reviews potential technologies for use in assessing 
burn wound and skin cancer. 
Chapter 3 introduces the half space electromagnetic model. Different types of skin 
are modelled, namely: healthy skin, skin with burn injuries, dry and wet skin, skin 
mutated by basal cell carcinoma, and skin with different water contents. 
Chapter 4 presents in vivo measurements for the human skin emissivity.                   
The measurements were conducted on two phases; phase one presents measurements 
conducted on 30 healthy participants at four measurement locations on the arm at          
95 GHz, and phase two presents measurements conducted on two groups of healthy 
participants over the band 80 GHz to 100 GHz (group 1 six measurement locations on 
the arm, group 2 four measurements locations on the arm, and there were 60 
participants in each group).      
Chapter 5 describes and discusses emissivity measurements conducted on 15 fresh 
porcine skin samples. The measurements were performed on samples with and without 
dressing materials and before and after the application of localised heat treatments.  
Chapter 6 presents the propagation path length measurements obtained from the 
hand support cast and the dressing materials samples having varying moisture contents 
and various medicinal creams using a radar system.  
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Chapter 7 provides images obtained from three separate experiments and applied 
on human hands and porcine skin samples using both a passive MMW imager (centre 
frequency ~250 GHz) and active synthetic aperture radar (centre frequency ~27 GHz).  
Chapter 8 provides the conclusions of the thesis and plans for future research. 
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Chapter 2 
Literature Review and Medical Background  
This chapter presents a literature review and a medical background about millimetre 
wave and other technologies used in the assessment of burn wound and skin cancer 
diagnostics. In the first part of this chapter, the dielectric properties of the human skin 
are presented and discussed. The second part of the chapter presents problems 
associated with the human skin from a medical diagnostic perspective and overviews 
emerging technologies being evaluated for assessing burn wounds and skin cancer 
such as terahertz imaging, optical coherence tomography, magnetic resonance 
imaging, infrared imaging, ultrasound imaging, and microwave and millimetre wave 
imaging.     
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2.1 Electromagnetic Spectrum 
The electromagnetic (EM) spectrum is defined as the ranges of frequencies and 
wavelengths of the radiation from radio waves to gamma ray. In 1873, James Clerk 
Maxwell [4, 5] formulised the concept of electromagnetic waves as a combination of 
electric and magnetic fields resulting in a propagation of energy at the speed of the 
light. EM waves can be characterised by their frequency, amplitude, and wavelength. 
These factors are important in the identification of the penetration capabilities and 
possible applications of the waves. The diagram in Figure 2.1 shows the inverse 
relationship between the frequency ranges and the wavelengths of the EM radiations 
from radio waves to gamma ray.  
 
 Figure 2.1: Electromagnetic spectrum frequency ranges, wavelengths, and 
penetrations [6]. 
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2.2 History of the Millimetre Wave Radiation  
The millimetre wave (MMW) band is the electromagnetic region between the 
microwave and terahertz, covering the frequency ranges (30-300) GHz [7, 8, 9]. 
Radiation in this band is known as a millimetre wave since the wavelength of this 
radiation lies between 10 mm and 1.0 mm [9]. In the 1890’s, a German physicist 
Heinrich Hertz [10] initiated the first experimental investigation into MMW radiation, 
recording a wavelength of 66.0 cm in his experiments. Then in 1895, the Russian Peter 
Lebedew [11] repeated the Hertz experiment with a resonator and recorded a 
wavelength of 6.0 mm. This was followed with the experimental work conducted by 
Bose [12] that recorded a wavelength of 5.0 mm, confirming the short wavelength of 
the MMW radiation. These achievements were then followed by the discovery of X-
ray radiation by Röntgen [13].  Arkadiewa [14] conducted further experiments on 
MMWs measuring a wavelength of 11.0 mm. In 1923, the first American contribution 
to MMW research is achieved by Nichols and Tear [15], they identified the MMW 
band as the region between the infrared and the radio wave band (as investigated by 
Tesla and Marconi [16]) where they conducted experiments at a wavelength ranging 
from 2.0 mm to 0.2 mm. The discovery of the laser [17] made a huge contribution to 
the development of MMW research and the coherent electromagnetic wave energy. 
These achievements are led to a growing interest and huge developments in the MMW 
technology in many applications including the developed of landmark systems such 
as MMW radar and passive and active imaging systems. 
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2.3 Key Features of the Millimetre Wave Radiation  
The key features of the radiation in the MMW band are as follows:  
 Spatial resolution sufficient to identify features down to scale lengths of      
~1.0 mm in a diffraction limited system. This is due to the relative short 
wavelength of the MMW radiation. This allows discrimination between 
different objects [8] and means MMW band is suitable for use in military, 
remote sensing, and automotive radar applications. 
 Good penetration capability through dielectric materials such as clothing and 
textiles [3, 18, 19]. This makes MMW radiation suitable for the purposes of 
security screening and non-destructive testing and evaluation. 
 Large bandwidth and high data rate [20]. This feature makes MMW radiation 
suitable for use in communication systems. 
 MMW radiation is non-ionising and is believed to be harmless to humans and 
animals at intensity levels < 1.0 mW/cm2 compared with X-ray and Gamma-
ray [21, 22]. It, therefore, is ideal for potential medical applications.    
                                              
This thesis is concerned with the medical applications of MMW radiation and more 
specifically, assessing the feasibility of using MMW radiation for detecting burns 
under dressing materials and for non-invasive diagnosis of diseased skin. Therefore, 
the review in this chapter will focus on these areas. 
  
 
 
 
17 
 
2.4 Interaction of Millimetre Wave Radiation with the Human Body  
Millimetre wave radiation interacts significantly with the human skin and eyes since 
they can be exposed directly to the MMW radiation [23]. Any radiation, which is 
incident on the skin, is absorbed within a short distance [24, 25]. The penetration depth 
of the MMW radiation is defined as the distance in the tissue over which the magnitude 
of the electric field reduces to a fraction of 1/e (or 1/e2 of the transmitted power). In 
human skin, the penetration depth of the MMW radiation is reported to be               
0.782-0.23 mm over the frequency band 30-300 GHz [24]. The short penetration depth 
of the MMW radiation in the human skin is due to the attenuating effects arising 
mainly due to the presence of water. Such loses in a media are quantified by a loss 
tangent, which for water is given in [26]. The penetration depth of radiation in a 
dielectric medium, 𝛿 can be calculated using Equations (2.1) and (2.2) [27].  
  𝛿 =
1
𝛼
                                                                                                                                   (2.1) 
α = ω√
𝜇𝜀𝑜𝜀′𝑟
2
(√1 + (
𝜎
𝜔𝜀𝑜𝜀′𝑟
)
2
− 1)                                                                      (2.2) 
Where, α is the attenuation factor measured in nepers per metre, ω = 2πf is the 
angular frequency measured in radians per second, 𝜀′𝑟 is the dielectric constant of the 
medium (in this research skin) measured in Farads per metre, 𝜀𝑜 is the free space 
permittivity (𝜀𝑜 =8.854191 x 10
-12 F/m), 𝜎 is the conductivity of the medium 
measured in siemens per metre, and 𝜇 is the permeability of the medium measured in 
Henries per metre.  
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Equation (2.2) indicates that the interaction of the MMW radiation with the human 
skin depends on the dielectric properties of the skin (relative complex permittivity), 
and the frequency range. Figure 2.2 illustrates the relationship between the frequency 
band and the penetration depth of the MMW radiation using different skin models.  
 
Figure 2.2: Penetration depth of the millimetre wave radiation in the human skin as a 
function of frequency using different skin models [28].    
Millimetre wave radiation can penetrate through clothing and textiles [18]. Many 
researchers have investigated the interaction of the MMW radiation with different 
types of clothing such as fleece, leather, and denim [18, 25, 29, 30, 31]. These studies 
reveal that an existing layer of clothing in direct contact with the human skin enhances 
the transmission between the air- skin interfaces since it acts as an impedance match. 
This interaction depends on the thickness of the clothing layer, the smoothness of the 
clothing surface, and the type of textiles.  
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As MMW radiation is absorbed near to the skin surface, the main concern associated 
with this radiation is its heating effect. The in vivo measurements conducted by 
Gustrau and Bahr [32] on the human skin at 77 GHz reveal that MMW radiation with 
an incident power density of 10 mW/cm2 increases the skin surface temperature by 
0.7oC. However, when the incident power density decreases to 1.0 mW/cm2, the skin 
surface temperature increases by less than 0.1oC. This is also confirmed in the study 
conducted by Zhadobov et al [25], who revealed an incident power density of                 
1.0 mW/cm2 at 60 GHz increases the skin surface temperature by 0.1oC. Furthermore, 
the Alabaster thermal model [33] reveals that the maximum increase in the skin surface 
temperature at 60 GHz, 77 GHz and 94 GHz due to an exposure to MMW radiation 
for thirty-second with an incident power density of 10 mW/cm2 is less than 0.25oC.  
Studies in microwave and MMW indicate that high exposure (above the recommended 
level of the incident power density that will discuss in section 2.5) to these radiations 
might cause cataract in human and animals eyes [34, 35]. This might occur when the 
temperature of the eyes is raised above the threshold of 41oC [23] . As a result of this, 
the interaction of the MMW radiation with the human and animal tissues is based on 
the following [23]:  
 The strength of the electric and the magnetic fields. 
 The operating frequency.  
 The thermal conductivity of the tissue. 
 The time duration of the exposure.  
 The type of the exposure (continuous or discrete).  
 The incident power density of the radiation. 
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2.5 Exposure Limits for Millimetre Wave Radiation 
The Institute of Electrical and Electronics Engineers (IEEE) [36], the International 
Commission on Non-ionising Radiation Protection (ICNIRP) [37] and the European 
Committee for Electrotechnical Standardization (CENELEC) [38] provide limits for 
public and occupational exposure for protecting the human body. These standards 
provide recommendation and restriction for exposing the human body to MMW 
radiation. The restriction provided by these institutions for occupational and general 
public areas are summarised in Table 2.1. These restrictions are specified for surface 
areas of 100 cm2 (the whole body), 20 cm2 (adult human eye), and 1.0 cm2 (cornea). 
Institution Frequency 
(GHz) 
Area Type 
 
Power density 
(mW/cm2) 
Area (cm2)& time (min)  
IEEE (30-300) Occupational  10 100 25.24
𝑓(𝐺𝐻𝑧)(0.476)
 
  
100 1 
(30-100) General 1 100 
100 1 
ICNIRP (10-300) Occupational 5 20 68
𝑓(𝐺𝐻𝑧)(1.05)
 
100 1 
General 1 20 
20 1 
CENELEC (2-300) Occupational 5 20 68
𝑓(𝐺𝐻𝑧)(1.05)
 
100 1 
General 1 20 
20 1 
Table 2.1: Exposure limits for protecting the human body from active millimetre wave 
radiations [36, 37, 38]. 
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Table 2.1 indicates that the recommendation of the CENELEC standard is agreed with 
the ICNIRP standard for occupational workers and the general public. However, IEEE 
provides less restriction for the maximum permissible exposure values for the general 
public and occupational areas. Simulation in Figure 2.3 indicates that the mean time 
limit for IEEE standard is varied between 5.0 minutes at 30 GHz to 1.67 minutes at 
300 GHz, whereas the time limit for CENELEC and ICNIRP standards is between 2.0 
minutes and 10.0 seconds over the band (30-300) GHz for an average area of 1.0 cm2. 
 
Figure 2.3: The inverse relationship between the time limits of continues exposure and 
the frequency as determined by IEEE, ICNIRP and CENELEC organisations. 
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2.6 Dielectric Properties of the Human Skin  
The interaction of the electromagnetic radiations with dielectric materials including 
the human skin is determined by the electrical parameters of the materials and 
specifically the complex permittivity [33].  The complex permittivity of the material 
can be expressed in terms of the free space permittivity, εo= 8.85 x 10-12 F/m and the 
relative complex permittivity, εr as [39, 40]: 
𝜀 = 𝜀𝑜𝜀𝑟                                                                                                                                (2.3)  
The relative complex permittivity of a material is a complex quantity that consists of 
a real part and an imaginary part and it is a measure of the phase and electric field 
amplitude changes relative to those in free space [39, 40], specifically given by: 
𝜀𝑟 = 𝜀𝑟
′ − 𝑗𝜀𝑟
′′ = 𝜀 [1 −
𝑗𝜎
𝜔𝜀
]                                                                                             (2.4) 
The real part of the relative permittivity, 𝜀𝑟
′ , represents the dielectric constant of the 
material (in this research the skin), and it is a measure of the energy stored in the 
material due to an external applied electric field. Whereas, the imaginary part, 𝜀𝑟
′′, 
represents the loss factor of the material and  is a measure of the energy loss from the 
material due to the external electric field. Measurements of the relative complex 
permittivity of the human skin indicate that the complex permittivity of the skin varies 
with the frequency [39, 40] and the thermodynamic temperature of the skin [33]. The 
ratio between the loss factor and the dielectric constant of the relative complex 
permittivity is called the loss tangent and it is expressed as: 
tan 𝜃 =
𝜀𝑟
′′
𝜀𝑟′
=
𝜎
𝜔𝜀
                                                                                                                (2.5) 
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Where 𝜔 is the angular frequency measured in radians per seconds, and 𝜎 is the 
conductivity of the skin measured in Siemens per meter, and ε is the complex 
permittivity of the skin measured in Farad per meter.  
2.7 Methods for Measuring the Relative Complex Permittivity  
The relative complex permittivity of different types of materials, samples, and 
biological tissue (in vivo and in vitro) are measured experimentally using the 
following methods [41]: 
 Transmission/reflection line method. 
 Open-ended coaxial probe method. 
 Free space method. 
 Resonant method. 
In the microwave and the MMW frequency bands, the most common methods used 
for measuring the relative complex permittivity of the biological tissue (human and 
animals) are the open-ended coaxial probe method [26, 42, 43, 44, 45] and the free 
space method [33, 46]. 
The open-ended coaxial probe method is fast, and easy to apply over a large number 
of samples after the system is calibrated. However, the relative complex permittivity 
measurements are subject to changes if the sample and the coaxial probe are not in 
close contact. This is due to the varying size of the air gap between the two and this 
affects the measured relative complex permittivity [41]. In addition, the diameter of 
the probe should be chosen to be less than the wavelength of the radiation in the skin, 
if accurate measurements are to be achieved [42] and the thickness of the sample under 
test should be greater than the diameter of the probe [43]. This means that the open-
ended coaxial probe can perform measurements over a specific frequency band. Also, 
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different frequency bands required different probes with different diameters and 
characteristics. Furthermore, the power level of the microwave and the MMW 
radiation should be chosen within the safety limits [21] according to the 
recommendations of the IEEE, ICNIRP, and CENELEC organizations [36, 37, 38].  
The second method is the free space method. The main advantages of this method over 
the open-ended coaxial probe method are the ability to measure both the electric (𝜖𝑟) 
and the magnetic (𝜇𝑟) properties of the sample over a wide range of frequencies 
without making any physical contact with the subject being measured. However, the 
free space method is more appropriate for planer samples that achieve the following 
properties [33, 41]:  
 The sample size should be large enough to fill the beam of the horn antenna 
and to reduce the diffraction at the edge of the sample.  
 The sample thickness should be the same over the full surface area. 
 The sample surface should be smooth and flat. 
 The sample should be aligned properly as the system is very sensitive to the 
alignment.  
These properties make the free space method suitable for limited and specific types of 
samples, and this might justify the wide usage of the open-ended coaxial probe for 
measuring the relative complex permittivity of the human skin in vivo over the 
microwave and the MMW frequency bands, as it is more accurate due to lower sources 
of error [33].   
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2.8 Relative Complex Permittivity Theoretical Models 
The frequency dependence of the relative complex permittivity of the biological tissue 
is modelled over the microwave and the MMW bands using different models such as 
the single relaxation Debye model, the multiple dispersion Debye model, the Cole-
Cole model, and the multiple dispersion Cole-Cole model [33, 46, 47, 48, 49, 50, 51].  
The relative complex permittivity of the tissue can be estimated using the single 
relaxation Debye equation as [47]: 
𝜖𝑟 = 𝜖∞ +
𝜖𝑠 − 𝜖∞
1 + 𝑗𝜔𝜏
                                                                                                            (2.6) 
Where, 𝜖𝑠 is the static relative complex permittivity (𝜔𝜏 ≪ 1), 𝜖∞ is the infinite 
frequency relative permittivity (𝜔𝜏 ≫ 1), 𝜔 is the angular frequency, 𝜏 is the 
relaxation time constant, and 𝑗 = √−1.  
The complex permittivity of the biological tissue can be characterized by three 
relaxation regions 𝛼, 𝛽, and 𝛾. These regions are associated with low frequency, 
medium frequency, and high frequency bands respectively [48]. In 1985, Debye [51] 
developed a multiple dispersion (five terms) expression for estimating the relative 
complex permittivity of muscle tissue. This expression can be described as:  
𝜖𝑟(𝜔) = 𝜖∞ + ∑
∆𝜖𝑛
1 + 𝑗𝜔𝜏𝑛
+
𝜎𝑖
𝑗𝜔𝜖𝑜
                                                                             (2.7)
5
𝑛=1
 
Where,  ∆𝜖𝑛 = 𝜖𝑠 − 𝜖∞ is the magnitude of the dispersion, 𝜎𝑖 is the static conductivity, 
and 𝜖𝑜 is the free space permittivity.   
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Cole-Cole [49, 50] have developed an empirical expression that considers the 
broadening of the dispersion in the relative complex permittivity of the biological 
tissue. This expression is known as the Cole-Cole expression and it can be expressed 
in terms of a spread parameter alpha {0 < 𝛼 < 1} as:  
𝜖𝑟(𝜔) = 𝜖∞ +
𝜖𝑠 − 𝜖∞
1 + (𝑗𝜔𝜏)(1−𝛼)
                                                                                        (2.8) 
Due to the complexity of the biological tissue, the multiple terms in the Cole-Cole 
expression suggests it is a more appropriate expression for predicting the relative 
complex permittivity of the biological tissue and it can be expressed as [48]: 
𝜖𝑟(𝜔) = 𝜖∞ + ∑ (
∆𝜖𝑛
1 + (𝑗𝜔𝜏𝑛)
(1−𝛼𝑛)
) +
𝜎𝑖
𝑗𝜔𝜖𝑜
                                                         (2.9)
𝑛
 
These models have been developed due to the limited measured in vivo data of the 
relative complex permittivity of the human tissue over the microwave and the MMW 
bands. This is due to many reasons, these being essentially: 
 The technical difficulty in making calibrated measurements when there are 
instrument alignment difficulties [33].     
 Both methods (open-ended coaxial probe and free space methods) used for 
measuring the dielectric properties of the biological tissue or human body 
require exposing the human body to microwave and MMW radiations. These 
radiations are artificial man-made radiations generated typically by a vector 
network analyser (VNA), requiring the power level of these radiations to be 
within the safety limits and the recommendations of IEEE, ICNIRP, and 
CENELEC standards [36, 37, 38]. This makes getting participants in these 
studies a difficult task. As alternatives, researchers conduct measurements on 
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animal tissue as in [33, 48] or they use models for predicting the relative 
complex permittivity of the tissue.  
 Microwave and MMW devices are expensive and some of these devices only 
work over a limited frequency band and therefore conducting measurements 
over different frequency bands required different devices such as an open-
ended coaxial probe, horn antennas, high frequency cables, and a VNA. 
Therefore, researchers conduct measurements over limited frequency bands 
based on using available resources.  
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2.9 Dielectric Properties of the Human Skin in the MMW Band  
It is a known fact that the electromagnetic interaction of the biological tissue over the 
MMW bands is dominated by its free water content [21, 25, 45]. The relative complex 
permittivities measurements conducted on the human skin over the microwave and the 
MMW bands are summarised in Table 2.2.  
Location/Skin Sample Type Frequency Band Method /Source 
The palm of the hand   
The back of the hand            
Wet and dry skin 
In vivo (30-40) GHz Open-ended coaxial 
probe [42] 
Forearm skin               
The palm of the hand 
In vivo (37-74) GHz Open-ended 
waveguide [26, 45]  
Dry (normal skin)                     
Wet (skin with gel) 
Dry skin in vivo     
Wet skin in vitro 
10Hz to 20 GHz Open-ended coaxial 
probes [48, 52] 
The palm of the hand  
Wrist of the hand skin 
In vivo (0.5-110) GHz Open-ended coaxial 
probes [43] 
The palm of the hand  
Forearm skin        
Wrist of the hand skin 
In vivo (10-60) GHz 
 
Coaxial slim probe 
[44] 
The palm of the hand In vivo (26.5-60) GHz Waveguide technique 
[53] 
Dry  (normal skin)  
Wet (skin with water) 
In vitro (57-100) GHz  
(90-100) GHz 
Free space method 
[33, 46] 
Table 2.2: The relative complex permittivities measurements of the human skin. 
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The studies discussed in Table 2.2 indicate that the relative complex permittivity 
values of the human skin are measured in specific frequency bands and measurement 
locations.  Therefore, many researchers have conducted measurements over a specific 
frequency band and extracted the parameter of the theoretical models (discussed in 
section 2.8) to predict and estimate the relative complex permittivity of the skin over 
the rest of the MMW band. As an example of this is the estimated relative complex 
permittivity of the skin that is presented in Table 2.3.  
Frequency 
(GHz) 
Gabriel  
[48]     
Cole-Cole 
Gandhi 
[24] 
Debye 
Alekseev 
[26, 45] 
Palm 
Alekseev 
[26, 45] 
Forearm 
Hwang 
[43]  
Palm 
Hwang  
[43]  
Wrist 
30 15.5- j16.2 18- j19.2 14.6- j13.9 15.9- j16.3 7.4 - j3.6 10.4 - j5.3 
40 11.7- j14.3 13.5- j17 11.3- j12.4 11.9- j14.5 6.8 - j3.1 9.3 - j4.9 
50 9.4 - j12.5 10.7- j15 9.3 - j10.9 9.6 - j12.7 6.4 - j2.8 8.6 - j4.5 
60 7.9 - j10.9 8.8 - j13.2 8.0 - j9.5 8.1- j11.1 6.1 - j2.5 8.1 - j4.1 
70 7.0 - j9.7 7.7 - j11.7 7.2 - j8.5 7.1- j9.9 5.9 - j2.3 7.7 - j3.8 
80 6.4 - j8.6 6.9 - j10.4 6.6 - j7.6 6.5 - j8.8 5.8 - j2.1 7.3 - j3.6 
90 5.9 - j7.8 6.3 - j9.4 6.2 - j6.8 5.9 - j7.9 5.7- j1.9 7.1 - j3.4 
100 5.6 - j7.1 5.9 - j8.6 5.9 - j6.2 5.6 - j7.3 5.6 - j 1.8 6.9 - j3.2 
Table 2.3: Predicted relative complex permittivity of the human skin (30-100) GHz. 
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The dielectric permittivity data presented in Table 2.3 indicates that the relative 
complex permittivity of the skin is frequency dependent as the real and the imaginary 
parts of the complex permittivity decrease with the frequency. The data also show 
differences in the relative complex permittivity values of the skin from model to 
model. These differences are assumed to be due to model assumptions, measurement 
techniques, and sample type (in vivo or in vitro) [22, 53].   
2.10 Review of Dielectric Properties in Medical Applications 
The relative complex permittivity and the reflectivity of the skin over the microwave, 
the MMW and the terahertz bands are significantly affected by the water content of 
the skin. Therefore, the dielectric permittivity and the reflectivity of healthy skin and 
diseased skin (skin with basal cell carcinoma, skin with burns, dry and wet skin, skin 
cancer, and skin with differing water content) are measured and predicted over the 
MMW bands for the purpose of non-invasive diagnostics of skin diseases [33, 42, 48, 
54, 55, 56, 57, 58, 59, 60]. 
2.10.1 Dielectric Properties of Healthy Skin and Skin with Basal Cell 
Carcinoma 
The relative complex permittivity of healthy skin and skin with basal cell carcinoma 
(BCC) are calculated using a two pole Debye model over the frequency band            
(100-300) GHz by Pickwell et al [58, 59]. The parameters of the model are extracted 
from measurements performed on five patients having BCC. The studies indicate that 
the relative complex permittivity of the skin with BCC is higher than that of healthy 
skin as the water content of the skin with BCC is higher than that of healthy skin [61].      
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The in vivo study conducted by Taeb et al [56] shows a well-defined contrast in the 
real and the imaging parts of the relative complex permittivity of healthy skin         
(11.5-j14.3) and skin with BCC (15.0-j20.5) at 42 GHz.  This contrast suggested that 
radiation in microwave and MMW bands might be useful for early detection of BCC. 
2.10.2 Dielectric Properties of Healthy Skin and Skin with Burns  
The complex reflection coefficient of unburned and burned porcine skin was measured 
experimentally using an open-ended rectangular waveguide probe over the frequency 
band (30-40) GHz by Gao and Zoughi [62]. The measurements show that the 
reflectance of unburned skin is higher than that of burned damaged skin. However, the 
in vivo study conducted on the human subject over the frequency band (30-40) GHz 
[42] indicates different trends as the relative complex permittivity of the burned skin 
is ~10% higher than that of unburned skin. Based on this result, the in vivo study 
suggested possible trends for the dielectric properties of the skin with the level of water 
content illustrated in Table 2.4. 
Level of water content  Dielectric permittivity  Penetration depth  Emissivity  
High level Increase Decrease Decrease 
Low level Decrease Increase Increase 
Table 2.4: Effect of changing the water content on the dielectric properties of the 
human skin [42].  
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2.10.3 Relative Complex Permittivity for Skin with Differing Water Contents 
The relative complex permittivity of the skin with differing water contents, 50%, 75%, 
and 95% is calculated in the frequency band (30-100) GHz using the general second 
order dispersion model [63]. The parameters of the model are estimated from 
measurements conducted on skin phantoms using an in-contact waveguide probe. The 
relative complex permittivity of the skin with different water content shows well 
define differences in the real and imaginary part of the relative complex permittivity 
of the skin with different water content illustrated in Table 2.5. 
Frequency 
(GHz) 
Dielectric permittivity 
(Skin cancer 95%) 
Dielectric permittivity 
(Normal skin 75%) 
Dielectric permittivity 
(Dry skin 50%) 
30 28- j34 18- j16 12- j8.0 
40 20- j28 14- j14 10- j8.0 
60 12- j22 10- j9.0 8.0- j6.0 
80 8.0- j17 7.8- j7.5 7.6- j4.0 
100 7.6- j13.7 7.3- j5.7 6.86- j3.3 
Table 2.5: The relative complex permittivity of the skin with different water content. 
Another study conducted by Aminzadeh et al [57] on healthy skin with 65% and 70% 
water content and malignant skin tissue with 81.6% water content in the frequency 
band (30-100) GHz indicates significant differences between healthy skin (65% and 
75% water content) and malignant lesion tissue (81.6% water content). These 
differences are due to the different water content of healthy skin and malignant tissue. 
The percentage of the water content in the epidermis and dermis layers of healthy skin 
has been reported to be 65%-70% [45], compared to 81%-82% in malignant skin [64].  
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2.10.4 Relative Complex Permittivity of Dry and Wet Skin 
Over the MMW bands, the dielectric permittivity of dry and the wet skin are measured 
experimentally in [33, 42, 48]. In general, dry skin is representative of normal skin, 
whereas wet skin is representative of skin that has recently be moistened. These 
definitions are used in most cases in this thesis unless dry and wet skin are identified 
differently.  
Measurements conducted on dry and wet skin by Gabriel et al [48] show that the 
relative complex permittivity of wet skin (moistened with aqueous gel) is higher than 
that of dry skin over the frequency band (30-100) GHz; this is due to the gel increasing 
the hydration level of the skin and this raises the relative complex permittivity of the 
wet skin. This study is supported with another in vivo study conducted on the palm of 
the hand and the back of the hand skin in a dry and wet state (skin with water) over 
the frequency band (30-40) GHz [42]. The study shows that the relative complex 
permittivity of the wet skin is higher than that of dry skin for all measurement 
locations. The measurements also indicate that the imaginary part of the dielectric 
permittivity of the wet palm of hand skin is ~50% higher than that of the dry skin.   
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2.11 Thermal Emission and Blackbody Radiation  
When radiation is incident on an object, part of the radiation is reflected and the 
remainder will penetrate inside the object. Depending on the type of the object, either 
the radiation will be absorbed inside the object (internal energy) or they might be 
transmitted outside the object as in the case of glass that transmitted visible radiation. 
A so-called blackbody is an ideal absorber and emitter. It absorbs all incident radiation 
and re-radiates emission in all directions at a level set by the Planck radiation law.  
[65]. It is called a blackbody since good absorbers for visible light have the colour 
black. What appears black in the visible band may not indeed by “black” in the MMW 
band and vice versa.  In reality, few materials can be used as an approximation to the 
blackbody such as carbon black, gold black, and platinum black. These materials can 
be used as reference samples for the purposes of calibration as they have closed 
properties to the blackbody. The key features of the blackbody are addressed as 
follows [65]: 
 A blackbody is a perfect emitter, this means that blackbody is emitting and 
absorbing the same amount of radiation and this is valid under thermal 
equilibrium (Prevost’s law).  
 Blackbody radiation is isotropic; this means that radiations emitted from the 
blackbody are independent of the blackbody location and orientation. 
 The intensity of the blackbody radiation, Bλ(T) is expressed by Plank’s 
function as:  
Bλ(T) =
2ℎ𝑐2
λ5 (e
(
hc
kTλ
)−1
)
                                                                                    (2.10) 
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Where, h is the Plank’s constant (6.626x10-34 J.S), k is the Boltzmann’s constant 
(1.38x10-23 J K-1), c is the speed of the light (3.0 x108 m/s), and T is the absolute 
temperature of the blackbody measured in Kelvin.   
When the wavelength  λ goes to infinity, the intensity of the blackbody radiation is 
expressed by Raleigh Jean's distribution as [65]: 
𝐵𝜆(𝑇) =
2𝑘𝑐𝑇
𝜆4
                                                                                                                   (2.11) 
The peak of the blackbody radiation goes to higher intensities at shorter wavelengths 
when the absolute temperature increases. Figure 2.4 illustrates how the wavelength 
and the intensity of the blackbody radiations vary with the absolute temperature.           
 
Figure 2.4: Radiation intensity of the blackbody versus the wavelength at different 
absolute temperatures [66].   
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The power of the blackbody radiation per unit area is directly proportioned with the 
fourth power of the blackbody thermodynamics temperature, and it can be expressed 
by the Stefan's Boltzmann law as [65]:                                                                  
𝑃(𝑊𝑚−2) = 𝑇4𝜎𝐵                                                                                                           (2.12) 
Where, σB is Stefan’s Boltzmann constant and it is 5.67x10
-8 Wm-2 K-4.  
The wavelength of the blackbody at the peak intensity of the radiation is inversely 
proportional to the absolute temperature of the blackbody and it is described  by 
Wien’s displacement law as [65]: 
𝜆𝑝𝑒𝑎𝑘𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛(µ𝑚) =
𝜎𝑤
𝑇
                                                                                               (2.13) 
Where σw is Wien’s displacement constant and it is equal to 2897 K µm. 
 A blackbody is emitting radiation in each direction and at every wavelength, 
this is to maintain the thermal equilibrium. If radiation is absorbed coming 
from all directions at different wavelengths, it should radiate the same to 
maintain thermal equilibrium.   
 The blackbody radiation intensity is proportional to the thermodynamic 
temperature of the medium.    
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2.12 Reflection and Refraction Index  
Electromagnetic radiation propagates at the speed of the light in free space. However, 
when the radiation facing or hitting a surface or target object having different optical 
properties (refractive index); radiation will be reflected and refracted at the boundary 
of the two mediums as illustrated in Figure 2.5. 
 
Figure 2.5: Reflection and refraction in mediums having different dielectric properties.   
The reflected radiation has a similar angle to that of incident radiation as they are 
travelling in the same medium. However, the relationship between the incident angle, 
𝜃𝑖 and the refraction angle, 𝜃𝑡 is determined by Snell’s law as [67]:  
𝑛1 sin(𝜃𝑖) = 𝑛2 sin(𝜃𝑡)                                                                                                   (2.14) 
Where, 𝑛1 is the refractive index of medium 1, and  𝑛2 is the refractive index of 
medium 2.  
Refractive index,  𝑛(𝜔) of a medium is a complex quantity that is a measure of the 
ratio of the speed of the light in the free space to that in the medium. This quantity 
varies with frequency and it can be expressed as [68]: 
𝑛(𝜔) = 𝑛′(𝜔) + 𝑖𝜅(𝜔)                                                                                                   (2.15) 
𝜃𝑖  
𝜃𝑡  
𝜃𝑟  
Reflected Radiation 
Refracted Radiation 
Incident Radiation  
      Medium 2 
      Medium 1 
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Where, 𝑛′(𝜔) is the real part of the refractive index and it represents the phase speed, 
𝜅(𝜔) is the imaginary part of the refractive index and it represents the loss in the 
electromagnetic radiation, and 𝜔 is the angular frequency.  
The refractive index for the dielectric materials and the biological tissue (lossey 
dielectric) over the MMW band can be characterised by the relative complex 
permittivity of the materials, 𝜀𝑟(𝜔) as: 
𝑛(𝜔) = √𝜀𝑟(𝜔) = √(𝜀′𝑟(𝜔) + 𝑗𝜀′′𝑟(𝜔))                                                                 (2.16) 
Where, 𝜀′𝑟(𝜔) is the dielectric constant, and 𝜀
′′
𝑟(𝜔) is the loss factor of the dielectric 
materials.  
For a low loss dielectric material; 𝜀′′𝑟(𝜔) ≪ 1, the refractive index of the material is 
given by the real part of the relative complex permittivity as: 
𝑛(𝜔) = √𝜀′𝑟(𝜔)                                                                                                              (2.17) 
This section reviewed the interaction of the MMW radiation with the skin and the 
dielectric properties of the human skin (healthy and diseased skin).  The following 
sections will review some of the problems associated with the human skin from a 
medical diagnostic perspective and emerging technologies being evaluated for 
assessing burn wounds and skin cancer disease. 
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2.13 Human Skin Structure  
Human skin has a layered structure comprising, the epidermis (outer protective layer), 
the dermis (inner connective layer), and the hypodermis (subcutaneous fat layer); as 
illustrated in Figure 2.6. For adults, skin covers a total surface area of ~1.7 m2 and 
constitutes ~15% of the total body weight [69, 70]. Skin thickness varies with location 
over the body, sex, and age of the individual [71]. Based on the thickness of the skin 
layers, human skin is classified into two types [72, 73]:  
 Thin hairy skin that is covered the majority of the human body. This skin has 
a thickness range of 1.0 mm to 3.0 mm. 
 Thick hairless skin that is covered the palm of the hand and the soles of the 
feet and its’ thickness is in the range of 4.0 mm to 5.0 mm.   
 
Figure 2.6: Schematic for human skin structure and its’ derivatives (sweat glands, oil 
glands, nails, hair, and hair follicles) [74]. Radiation in the lower frequency portion of 
the millimetre wave band penetrates down into the dermis layer of the skin.  
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The epidermis layer is the outer layer of the skin that is responsible for providing a 
waterproof barrier and it produces the skin colour as it consists the melanocytes cells. 
This layer consists of five layers from dermis to the outer layer; 1) stratum basale, 2) 
stratum spinosum, 3) stratum granulosum, 4) stratum lucidum, and 5) stratum corneum 
(SC). The dermis layer is the second layer of the skin that is responsible for the sense 
of feeling and the generation of sweat. This layer contains sweat glands, oil glands, 
nerve endings, blood vessels, and hair follicles. The hypodermis is the fat layer of the 
skin and it is responsible for controlling the skin temperature and attaching the skin 
with muscles and bones [72, 73].   
2.14 Functions of the Human Skin  
Human skin is the largest multifunctional organ of the human body. Its main function 
is protecting the human body from viruses, bacteria, dehydration (by maintaining 
water balance), and ultraviolet radiation damage as it provides a barrier between the 
human body and the external environment. Human skin is also responsible for 
temperature and thermal regulations, generation of vitamin D formation, destruction 
of microorganism, and sensation of pain, temperature (warm and cold), and 
mechanical sensation (pressure and touch) [72, 73, 75].  
Human skin is different compared with other organs as it presents our interface to the 
external world, and it is the first part of the human body that can be seen by others and 
it provides an indication about the state of health of the human body through the 
appearance of the skin [76].  It is essential that human beings have healthy skin. During 
the cycle of life, human skin is affected by many factors such as the age, the 
environment, the interaction with different types of radiation, genetic defects, and 
accidents. These factors might cause diseases, temporal skin conditions, and 
permanent disorders.  
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2.15 Skin Conditions and Diseases 
This section discusses different types of skin conditions and diseases as they will be 
considered in the half space model; these are 1) psoriasis, 2) eczema, 3) skin cancer 
(including malignant melanoma and basal cell carcinoma), and 4) burn wound.   
2.15.1 Psoriasis 
Psoriasis (chronic plaque psoriasis) is a chronic inflammatory disorder that has a 
genetic basis. This disorder makes the human skin red, itchy, painful, sore, flaky, 
produce a burning sensation, and it also makes crusty patches appear on the skin 
surface as illustrated in Figure 2.7. Psoriasis is usually developed in adulthood from 
both genders and it is affected around 2% of the UK population [77] and has a genetic 
basis. Stress, smoking, sunlight, and variation in hormones levels might trigger and 
increase its severity. Topical creams, phototherapy, oral therapies, and injected 
medicines can be used to reduce the severity of the condition [72, 73, 77].  
 
Figure 2.7: Illustration of chronic plaque psoriasis from less to more severe [78]. 
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2.15.2 Eczema 
Eczema (atopic eczema) is an inflammation combined with blisters. This condition 
makes the human skin itchy, cracked, dry, and red as illustrated in Figure 2.8. These 
signs usually appear on the hands, wrists, the face, inside the elbow, and on the back 
of the knee of both genders. Eczema is usually developed in childhood and it is caused 
and triggered by many factors such as genetic defect (expected to be the primary 
cause), diets, allergies to dust, family history, sweating, pollution, stress, and infection. 
Moisturising treatments and topical corticosteroids are applied to the skin when it is 
required to reduce the severity of eczema by reducing the dryness and the itchiness of 
the skin. Oral therapies and phototherapy are also used in the treatments of severe   
non-responsive cases. However, there is no cure for eczema. Nevertheless, treatment 
can be used to control eczema and this can be supported by self-treatment using 
emollients and bath oil [72, 73, 77].  
 
Figure 2.8: A schematic illustrates eczema and different signs appeared on the affected 
part of the human skin [77]. 
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2.15.3 Melanoma 
Melanoma illustrated in Figure 2.9 is a malignant skin cancer that affects the epidermal 
melanocytes and can spread quickly to other organs of the human body. Melanoma 
might appear either in an existing mole or in a newly developed mole that might be 
itchy, bleeding, and has an irregular shape. The main features of melanoma can be 
identified by the “Asymmetrical shape, Border irregularity, Colour irregularity, 
Diameter > 6mm, and Evolution of lesion. This is known as ABCDE symptoms rule” 
[77]. In the UK, about 2,000 people die annually from melanoma [79]. The main cause 
of melanoma is the exposure to ultraviolet (UV) radiation from the sun.  Melanoma 
typically develops on the legs and trunk, appearing at any region on the body that is 
not protected from the exposure to the sun. Based on the patient circumstances 
melanoma can be treated mainly using surgery and radiotherapy. In addition, oral 
medication might be given to the patient to enhance the immune system and slow 
down the spread of the melanoma [72, 77].  
 
Figure 2.9: Illustration of different types of melanoma; a) a spreading melanoma and 
b) an amelanotic melanoma [79].  
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2.15.4 Basal Cell Carcinoma 
Basal Cell Carcinoma (BCC) is the most common type of non- melanoma skin cancer 
that develops slowly in the epidermis layer of the skin as illustrated in Figure 2.10. 
BCC develops in the uncovered areas of the human body that are exposed directly to 
the UV radiation from the sunlight such as the neck, the face, and the head. Although 
UV radiation is the main cause of BCC cancer, other factors such as history of skin 
cancer, and sunburn might increase the chance of getting BCC. This disease can be 
diagnosed by taking part of the affected skin region and looking for characteristic 
signatures under magnification. This process is called a biopsy and it is widely used 
in the diagnostics of the skin conditions and diseases [72, 77]. BCC can be treated by 
either removing the affected part of the skin using a surgery or it can be treated using 
radiotherapy when the surgery is not appropriate. Although, around 90% of the 
patients having BCC are cured [77], regular monitoring of the skin is required as 
discovering the BCC in early stages reduces the chance of skin cancer development 
and increases the chance of patient recovery. BCC has different sizes, colours, and 
shapes (nodular, cystic, pigmented, and superficial).     
 
Figure 2.10: Illustration of shapes, sizes and colours of basal cell carcinoma [77]. 
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2.15.5 Burn Wound 
A burn is a thermal injury or damage caused by chemical, electrical, thermal traumas, 
and excessive sun exposure. Based on the depth of invasion, burns are classified into 
partial thickness (first and second degree) and full thickness (third and fourth degree) 
[72]; as illustrated in Figure 2.11. In medical practice, the treatments of burn injury 
are based on the degree of the burn, the severity of the burn, and the medical 
circumstances of the patient. As an example of this, the first-degree burn that can be 
treated using cold water, pain relief, creams, and bandages. Alternatively, the third and 
the fourth degrees burns required different treatments that might include surgery 
(surgical excision and grafting), rehabilitation, physical therapy, and lifelong assisted 
care.  
 
Figure 2.11: Illustration of different depth of invasion for burn injury [80, 81]. 
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Human skin is a self-healing organ that can go through complex dynamic processes to 
re-establish and repair the damaged areas. During the healing progress, a wound goes 
through many phases and these are; 1) haemostasis, 2) inflammation, 3) proliferation, 
and 4) tissue maturation [72, 82]. There are variations in the healing process and these 
are dependent on the degree of the burn, the interaction of the human body with the 
burn, and the age of the patient. The skin might be repaired either successfully or it 
might fail to repair and this results in disorders and mortality. Characteristics and 
features for partial and full thickness burns are summarised in Table 2.6 [62, 72, 83]. 
Degree of burn Depth of invasion Signs Degree of pain 
First degree or 
Superficial 
Epidermis 
Looks red without 
blisters and scars.  
 
Painful 
Second degree or 
Superficial dermal 
Papillary dermis Looks red with 
swelling, blisters, 
moist, and scars. 
Severe pain 
Third degree or 
Deep dermal 
Reticular dermis Looks dry with 
pink and white 
colour and severe 
scarring. 
Pain & sensitivity 
are minima. 
Fourth degree or 
Full thickness 
The tissue under 
the skin (fat layer 
and beyond) 
Looks dry with 
white, brown or 
black colour and 
serious scarring.     
No pain and no 
sensitivity because 
of nerve ending 
destruction. 
 Table 2.6: An overview of the main characteristics and features of the burn wound. 
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2.16 Technologies for Assessing Burn Wound and Skin Cancer   
Visual inspection is the current medical practice for assessing burn wound whereas 
skin biopsy is used for assessing skin cancer [3, 84].  Visual inspection involves the 
removal of dressing materials that might be uncomfortable and painful to the patient 
[3], and skin biopsy (shave, punch, and excisional) which is invasive as it involves 
partial removal of the affected part of the skin [84]. As an alternative to the current 
medical practice, technologies are emerging to enhance the medical assessment of 
burn wound and skin cancer [85, 86, 87, 88, 89, 90, 91, 92]. These technologies are; 
terahertz imaging [59, 85, 86, 87, 93, 94], optical coherence tomography [88, 89, 95, 
96, 97, 98, 99], ultrasound imaging [90, 91, 100, 101, 102, 103], infrared imaging [92, 
104, 105, 106], and microwave and millimetre wave sensing [55, 56, 57, 107], the 
latter is the subject of the research in this thesis.    
2.16.1 Terahertz Imaging  
The dependence of reflection and emission of terahertz radiation (THz > 300 GHz) to 
variation in water content in biological tissue makes terahertz imaging feasible for 
non-invasive diagnosis of skin cancer and burn wounds [59, 85, 86, 87, 93, 94]. The 
terahertz pulse imaging (TPI) results obtained from BCC tissue and scars burns in the 
study conducted by Woodward et al [85] indicate that BCC provides a positive 
contrast. Whereas, scar tissue provides a negative contrast compared with healthy 
tissue. TPI study applied on five patients and 18 ex vivo tissue having BCC by Wallace 
et al [108] indicates that the contrast between healthy tissue and BCC tissue is 
sufficient to identify tumour margins. Furthermore, the in vivo measurements of the 
refractive index and the absorption coefficient of healthy skin and skin with BCC 
conducted by Pickwell et al [58] indicate that normal skin has lower refractive index 
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and absorption coefficient than skin having BCC. A further in vivo study of TPI 
applied to the palm of the hand skin and the fingertips conducted by Cole et al [94] 
indicates the capability of terahertz radiation to distinguish between different 
hydration levels of a stratum corneum layer of the skin.  
The terahertz time-domain spectroscopy (THz-TDS) introduced by Arbab et al [109] 
was used to obtain in vivo images from second and third degree burn wounds from 
rats. This study indicates a possible capability for THz-TDS to differentiate between 
partial thickness and full thickness burn wounds. The in vivo reflectivity 
measurements conducted by Arbab et al [110], indicate that the reflectivity of the 
burned skin is higher than that of the unburned skin. This can be supported by other 
in vivo terahertz images obtained from the rats’ skin by Tewari et al [87]. This study 
shows dynamic variations in skin reflectivity following the burning process, an 
increase in the skin reflectivity was observed in the burned skin as a result of increased 
the water concentration due to the post-injury inflammatory response, whereas, lower 
reflectivity was observed in the surrounding unburned tissue. Although, terahertz 
imaging seems to be a promising technology for skin cancer, burn wound, and cancer 
margin detection, the low penetration depth in the human body of THz radiation are 
the main limitations.  
Due to the limited penetration capability of THz radiation,  magnetic resonance 
imaging (MRI) has been used with THz imaging to assess the burn wound as it can 
provide comprehensive information about the tissue water content (TWC) and the 
dynamic behaviour of the water in burn wound over a depth greater than 258 μm [111, 
112]. The clinical scanner of MRI penetrating the whole body has an in vivo spatial 
resolution of ~ 1.0 mm [113]. The work conducted by Lohmann et al [114] indicates 
that the spatial resolution of the MRI can be enhanced in the range of (0.2 x 0.2 x 2.0 
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mm3) to (0.328 x 0.328 x 0.6 mm3) using magnetic field strength of 7.0 Tesla and 
various imaging protocols. Although MRI can provide useful information to assess the 
severity of burns, there are limited measurements conducted in this area and this might 
be due to the very high cost of this technology. Therefore, it is still early to assess how 
much MRI might be useful for assessing the severity of the burn wound. 
2.16.2 Optical Coherence Tomography  
Optical coherence tomography (OCT) is a high-resolution (~10 µm) in vivo surface 
imaging that is suggested for use in medical applications and in the non-invasive 
diagnosis of burn depth [88, 95, 96, 97, 98], and skin cancer margin detection [89, 99]. 
The in vivo study conducted on female rats by Srinivas et al [95] suggests that 
polarization-sensitive optical coherence tomography (PS-OCT) might be feasible to 
assess the burn wound depth in the first two days only as increasing the water content 
and exudates due to edama formation present the main limitation.  The high-resolution 
cross-sectional images obtained from the high-speed fiber-based PS-OCT by Park et 
al [96], indicate that the detectable amount of collagen content in the burn surface 
might be useful to assess the degree of the burn as severe burns have higher collagen 
content compared with superficial burns. The in vivo study applied on two human 
patients having superficial and full thickness burn wound by Kim et al [97] indicates 
that the three-dimensional images obtained from PS-OCT can characterise the burn 
wound based on vasculature and birefringence. Although, the in vivo study applied in 
a mouse model conducted by Zhao et al [88] indicates that spectroscopic optical 
coherence tomography (SOCT) shows significant differences in the spectra associated 
with the depth of the burn. However, this approach is not sufficient to assess the deep 
burns, as the penetration capability is only a few hundred microns from the skin 
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surface [88]. The conventional OCT has a spatial resolution of ~10 µm recorded at a 
penetration depth of 1.0 mm of the tissue [113]. According to Rayleigh [115, 116] 
scattering is inversely proportional to the wavelength and this makes the phase 
reconstruction of an image at depth, through the overlying tissue difficult.   
As a plan for clinical usage, an efficient OCT system should be designed to have the 
following components and specifications; 1) a high-speed scanner that is capable of 
scanning the target area of the human body within a reasonable period of time 
combined with a high power source to illuminate the target area of the human body, 
and 2) the system should be able to display the images in real time [98]. When these 
considerations are met, OCT might be adapted clinically for assessing the burn wound.  
2.16.3 Ultrasound Imaging   
Ultrasound waves are high-frequency sound waves above the human hearing 
(typically greater than 20 KHz). These waves are used to generate images of the 
internal tissue and organs of the human body by using the reflected pulse echoes. The 
basic elements of the traditional ultrasound scanner are; a transducer (a hand-held 
probe) that is located and moved manually to scan the target area of the human body, 
and a water-based gel that is used to enhance the coupling between the probe and the 
human body [117]. Ultrasound imaging has been used in the diagnostics of skin cancer 
[90, 91, 100], in measuring the skin thickness [118, 119], and in the assessment of 
burn wounds [101, 102, 103]. The spatial resolution of the Ultrasound imaging is      
~150 µm [113]. The study conducted by Rippon et al [101] indicates that ultrasound 
imaging at 20 MHz can visualise porcine skin (in vivo) and human tissue (cadaver) to 
a depth of 25.0 mm and therefore, it has been suggested as an alternative to biopsy in 
medical practice.  
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The in vivo study conducted on six Yorkshire pigs by Gnyawali et al [102] indicates 
that ultrasound imaging combined with a laser speckle might be an effective tool for 
the non-invasive diagnosis of wound healing progress. In addition, ultrasound imaging 
seems to be an efficient tool for providing qualitative information about the burn depth 
[120] and the collagen content [101]. Although non-contact ultrasound imaging has 
been developed to assess the burn depth [121], it has not been adapted clinically [103]. 
The main limitations of the ultrasound imaging are artefacts and clutter generated from 
unwanted reflected echoes [102].  
2.16.4 Infrared Imaging  
Over the Infrared frequency band, a thermogram analyser (infrared camera) was used 
to examine the healing progress of the burn wound by estimating the surface area of 
the burn based on temperature detection [104].  In vivo thermographic images obtained 
from 65 patients having burns injury by Liddington and Shakespeare [92] indicate that 
thermography might be used to assess the burn depth within 72 hours post of injury, 
as deep burns expressed a significant variation in the temperature after 48 hours to 72 
hours after the burn injury. The results presented in this study is in a good agreement 
with the results obtained from other studies conducted on two female pigs by Miccio  
et al [105]. Furthermore, the study conducted by Ruminski et al [106] introduces the 
active dynamic infrared thermal imaging as a technique to assess the burn depth. 
Although infrared imaging has been introduced as a non-invasive technique for 
assessing burn wound, it has not been adapted clinically due to the following 
limitations: 
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 Infrared imaging relies on variation in thermodynamics temperature and this 
might be measured in error due to the presence of exudates and blood flow. 
 Infrared radiation has a very low penetration capability. Therefore, it provides 
information about the surface area of the skin only.   
2.16.5 Microwave and Millimetre Wave Imaging  
Microwave and MMW radiations are both non-ionising radiation that is capable of 
providing highly localised measurements. Therefore, they have been used in medical 
trials aimed at applications such as skin cancer detection [55, 56, 57], breast cancer 
detection [122, 123], non-invasive diagnosis of diseased skin [21], pain relief, and 
diabetes [26].  
Microwave and MMW radiation techniques are very sensitive to the variations in 
water content in biological tissues. Since burn wounds cause significant variations in 
the water content of the tissue, as an immediate response to burn injury (that produces 
blood and lymph fluid), the radiation may be useful for assessing bandaged wounds 
[42, 107]. This idea initiated originally by Essen et al [107] as they were scanning in 
vivo images of the healing of the scars under the plaster of Paris using in-contact active 
scanner operating at 94 GHz. This work was followed by emissivity measurements 
conducted by Harmer et al [3]on a phantom chicken after the application of localised 
heat treatment. These measurements indicate that changes in surface emissivity of the 
skin samples are observable through dressing materials, indicating the feasibility of 
the MMW imaging to map changes in tissue emissivity for monitoring the state of 
burn wounds non-invasively and without the removal of dressing materials. 
Meanwhile, Gao and Zoughi [60, 62] conducted measurements on pigskin samples. 
These measurements suggested that MMW reflectometry could be used as a non-
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invasive in-contact technique to distinguish between unburned and burned skin having 
different degrees of burn injuries; and more importantly, this study indicates the 
potential of using synthetic aperture radar (SAR) imaging to detect burn wound under 
dressing materials. As non-contact screening is desirable in medical applications, a 
half space electromagnetics model has been constructed and developed by Owda et al 
[124]. This model suggested the potential of using radiometry as a non-contact 
technique to distinguish between healthy skin and diseased skin (skin cancer, burn 
injury, and dry skin conditions). This is followed by another two studies conducted by 
Owda et al [125, 126]. These studies introduce active MMW radar for sensing and 
imaging through dressing materials over the band (15-40) GHz and radiometry as a 
non-invasive technique for assessing diseased skin.  
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2.17 Conclusions   
This chapter has reviewed 1) the MMW radiation and its interaction with the human 
body, 2) the dielectric properties of the human skin, and 3) different technologies and 
methodologies that are proposed for assessing burn wound and skin diseases. Based 
on this review, the following challenges have been addressed in this thesis:  
Although, human skin is the largest multifunctional organ in the human body, to date, 
no detailed investigations of a statistical nature have been carried out on the emissivity 
and the reflectance of the human skin. This research redresses this balance by 
analysing the emissivity of the skin at different locations of the hand and forearm, for 
subjects of different gender, ethnicity, age, body mass index, and for the skin in a wet 
and normal state, over the MMW band (80-100) GHz. These results will provide 
foundational measurements to support medical applications as discussed in chapter 4.   
The relative complex permittivity measurements conducted on human skin in the 
literature survey indicate a well-defined difference between healthy skin and diseased 
skin. However, using a probe in contact with the human body and exposing the human 
body to man-made radiation are the main challenges that are needed to be considered. 
As an alternative; radiometry as a non-contact technique is suggested for a non-
invasive diagnosis of skin diseases as illustrated in chapters 3, 4, and 5.   
In the literature survey, different technologies are suggested for assessing burn wounds 
such as terahertz imaging, optical coherence tomography, magnetic resonance 
imaging, infrared imaging, and ultrasound imaging. Although the results obtained 
from these technologies are promising, none of these technologies successfully 
assesses the wound healing progress without the removal of dressing materials. As 
microwave and MMW radiation can penetrate dressing materials, this research will 
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assess the feasibility of using the microwave and MMW radiation for assessing 
bandaged wounds. This will be discussed in details using both passive and active 
microwave and MMW imaging systems in chapters 5, 6, and 7.  
The following chapter discusses the half space electromagnetic model and the 
potential of using radiometry as a non-contact technique for the diagnostics of diseased 
skin. 
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Chapter 3 
The Half Space Electromagnetic Model 
This chapter introduces the half space model and explains the structure of this model. 
Simulation results associated with healthy skin, skin with differing water contents, skin 
mutated by basal cell carcinoma, dry skin, wet skin, skin after the application of 
aqueous gel, and burn-damaged skin are presented and discussed in details.   
3.1 Background    
Skin is the largest organ of the human body, playing important roles in temperature 
and water regulation. In contact with the environment, it suffers a variety of damage: 
cancer arising from exposure to UV radiation; thermal burns from sources of heat; 
psoriasis and eczema from exposure to chemicals and through allergies. However, in 
response to this damage, the skin presents signatures, which can be measured using 
non-contact MMW sensors that could indicate the degree and the type of the damage. 
Radiation in the MMW band (30 GHz to 300 GHz) [9, 127] is ideally suited to 
measuring the skin as it interacts strongly and only with the skin layers of the human 
body [21, 24, 25, 45], thus enabling the potential for highly localised measurements.  
It is well known that the level of water in the human skin changes as a result of damage. 
Water levels rise as a result of vascularisation around tumours and exudates from 
burns, while levels fall as a result of eczema or psoriasis [82]. Conveniently, water 
molecules has a very high dipole moment (1.85 Debye; 1 Debye = 3.33 x 10–30 
coulomb. meter) [128], resulting in a high dielectric permittivity in the MMW band 
[24, 25, 45], which generates a large signature that can be measured using sensors in 
this band. Furthermore, the permittivity changes with frequency over the band 
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meaning lower frequencies can probe deeper into the skin layers, whilst higher 
frequencies can measure the surface of the skin.  
Although the relative complex permittivity of the human skin can be measured easily 
using open-ended coaxial probes [42], such a device must be in contact with the 
sample under measurement. This requirement prevents use in scenarios where contact 
is not desirable or not possible. As non-contact screening is often desirable in medical 
applications and since coaxial probes are unable to provide measurements over large 
areas without being repeatedly placed in contact with the skin, a radiometric approach 
is a more appropriate solution. 
A convenient metric to describe the condition of the human skin is the emissivity 
(fraction of the incident radiation that is absorbed), as this can be measured relatively 
easily using active (radar) and passive (radiometry) techniques [129, 130]. A half 
space electromagnetic model of the human skin is therefore developed to determine 
the emissivity of healthy skin and skin having a variety of medical conditions using 
either the relative complex permittivity or the complex reflectivity measurements of 
the skin over the MMW band.  
The complex reflection coefficient for unburned and burned porcine skin samples have 
been taken over the band 30 GHz to 40 GHz from [62] with open-ended coaxial probes 
data from [48, 56, 63, 131]. Permittivity data were used from the parametric models 
such as the Cole-Cole model and Debye model [48, 52, 58, 59, 108].  
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3.2 The Half Space Electromagnetic Model  
A half space electromagnetic model has been constructed to determine the emissivity 
of the human skin directly from measurements or calculations of either the relative 
complex permittivity or the complex reflectivity of human or animal tissue. In the half 
space model, the first half is a semi-infinite layer of air (incident medium), and the 
second half is a semi-infinite layer of skin (absorbing medium), as illustrated in 
Figure 3.1.  
Figure 3.1: The half space model for calculating the emissivity of the skin. 
In the half space model, the two layers are isotropic and homogenous and they can be 
described by their relative complex permittivity values. Conservation of 
electromagnetic energy in the model gives the relationship between the reflectance R, 
the transmittance T, and the emissivity , at the skin surface as: 
R + T +  = 1                                                                                                                     (3.1)      
The relationship between the reflectance and the reflectivity (fraction of incident 
complex field amplitude reflected), Γ, can be expressed as: 
R = |Γ|2                                                                                                                                (3.2) 
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The relationship between the transmittance and the transmissivity (fraction of complex 
field amplitude transmitted), t, can be expressed as: 
T = |t|2                                                                                                                                  (3.3) 
In this model, it is assumed that skin is a specular reflector, which is reasonable, as the 
surface roughness of the skin (13.7µm to 66.0 µm depending on the age) [132] is 
considerably less than the wavelength of the radiation. Therefore, in this half space 
model the normal and the parallel polarisation reflectivities of the skin can be 
determined by the Fresnel equations [67], which are: 
Γn =
√ϵ1 cos(θi) − √ϵ2 cos(θt)
√ϵ1 cos(θi) + √ϵ2 cos(θt)
                                                                                     (3.4) 
Γp =
√ϵ2 cos(θi) − √ϵ1 cos(θt)
√ϵ2 cos(θi) + √ϵ1 cos(θt)
                                                                                     (3.5) 
Where, θi is the angle of incidence, θt is the angle of transmission, ϵ1 is the relative 
complex permittivity of medium 1, and ϵ2 is the relative complex permittivity of  
medium 2.  
The normal and the parallel polarisation transmissivities (likewise from the Fresnel 
equations) are [67]: 
tn =
2√ϵ1 cos(θi)
√ϵ1 cos(θi) + √ϵ2 cos(θt)
                                                                                    (3.6) 
tp =
2√ϵ1 cos(θi)
√ϵ2 cos(θi) + √ϵ1 cos(θt)
                                                                                     (3.7) 
The penetration depth of the MMW radiation in the human skin is 0.782-0.23 mm over 
the frequency band 30-300 GHz [24]. The short penetration depth is mainly due to the 
attenuating effects of water in the human body [26]. A consequence of this is that an 
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accurate electromagnetic model of the skin may be realised without knowledge of 
deeper tissue properties. This property also enables highly localised measurements to 
be made of skin which cannot be obtained in the visible region of the spectrum, and 
so potentially constitute the basis for a new viable non-contact diagnostic tool. 
For an object that transmits no radiation (T=0), the emissivity is equal to the fraction 
of the incident radiation that is absorbed, which becomes (1-R) as indicated by 
Equation (3.1). In a half space model, therefore, the emissivity can be calculated by 
integrating (1-R) over the air-side hemisphere. The reflectance is a function of 
polarisation and angle of incidence and thus integration over all angles and 
polarisation states is required to calculate the emissivity. The power incident over an 
area, dS, of skin is:  
dPincident = IdS ∫ cos(θ)dΩ                                                                                          (3.8)
2π
 
Where, dΩ is the solid angle which defines the direction of propagation of the radiation 
relative to the normal to the area dS, and I is the power density from the incident 
isotropic sources in units of Watts per unit area, per steradian. Integration over the air-
side hemisphere gives;  
dPincident = IπdS                                                                                                                 (3.9)            
The fraction of this incident power absorbed by the skin is then;  
dPabsorbed = IdS ∫ (1 − R(θ))cos(θ)dΩ
2π
    
=  IπdS  (1 − ∫ R(θ) sin(2θ)dθ
π 2⁄
0
  )                                                                      (3.10) 
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The emissivity η is the fraction of the incident radiation that is absorbed, hence, from 
Equation (3.9) and Equation (3.10) this is:  
η = 1 − ∫ R(θ)sin(2θ)dθ
π 2⁄
0
                                                                                       (3.11) 
In the case of unpolarised sources, the reflectance R(θ) must be replaced by the 
average of the normal and the parallel polarisation reflectances as: 
R(θ) =
1
2
(Rn(θ) + Rp(θ))                                                                                       (3.12)                                                           
Equation (3.11) provides a relationship between the emissivity and the complex 
permittivity of the sample. The integral in Equation (3.11), is not easily evaluated 
analytically and so a numerical approach developed by the author, implemented in 
Matlab, is used to compute the emissivity values.   
The uncertainties in the simulated emissivity values can be determined by error 
propagation of uncertainties in the relative complex permittivity values through 
Equations (3.2 to 3.11). Given that, the uncertainty in the permittivity from the single 
relaxation Debye model is ±0.05 [48, 133, 134, 135], error propagation indicates that 
the uncertainty in the emissivity of the skin is ±0.006 unless otherwise stated; this is 
the case throughout this chapter. 
3.3 Simulation Results from the Half Space Model  
Simulations of human skin emissivity are made using the half space model described 
by Equations (3.2 to 3.11); the model is used to predict the emissivity for the skin with 
differing water contents, skin mutated by basal cell carcinoma, dry skin, wet skin, skin 
after the application of aqueous gel, and burn-damaged skin. 
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3.3.1 Skin with Differing Water Contents (Psoriasis, Normal Healthy Skin, 
and Malignancy)  
The relative complex permittivity of the skin with different water content is calculated 
from the measurement of the complex reflection coefficients of the skin over the 
frequency band of 30 GHz to 100 GHz [63]. From the relative complex permittivity 
data, the emissivity of the skin with different water content is calculated using the 
model discussed in section 3.2. The simulations of the emissivity of the skin for the 
three different water contents namely: 50%,  75%, and 95%, shown in Figure 3.2, 
correspond to water content that is representative of dry skin, normal healthy skin, and 
skin with malignant lesions respectively [45, 64, 136, 137]. 
 
 Figure 3.2: Simulations of the emissivity of the skin having different water contents. 
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The results presented in Figure 3.2 show that the emissivity of the skin with 50% free 
water content is higher than that of skin with 75% and 95% free water contents. The 
results also show how the emissivity of the skin rises with the frequency and falls with 
the skin water content. These results indicate that the emissivity of the skin with a      
95% water content is lower by ~ 0.12 than that of the normal healthy skin with a water 
content of 75%. This difference is due to high water content that strongly affects the 
relative complex permittivity and consequently the emissivity. Increasing the water 
content increases the magnitude of the relative complex permittivity and makes the 
skin more reflective, and as a result, the emissivity decreases. The properties and the 
characteristics of the skin with differing water content are summarised in Table 3.1. 
Parameters Skin type Sources  
 Skin with 50% water content  
Skin condition Dry: eczema & psoriasis [136] 
Return loss (S11)  -9.22 dB at 100 GHz [63] 
Complex permittivity 6.86 - j3.33 at 100 GHz [63] 
 Skin with 75% water content  
Skin condition Healthy Skin [45] 
Return loss (S11)  -8.59 dB at 100 GHz [63] 
Complex permittivity 7.34 - j5.71 at 100 GHz [63] 
 Skin with 95% water content  
Skin condition Skin with malignant lesion [64] 
Return loss (S11)  -5.81 dB at 100 GHz [63] 
Complex permittivity 7.55 - j13.72 at 100 GHz [63] 
Table 3.1: Characteristics and parameters of the skin with differing water contents. 
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3.3.2 Skin Mutated with Basal Cell Carcinoma  
The relative complex permittivity of healthy skin and skin with BCC is calculated in 
the frequency band 100-300 GHz using a two pole Debye model [58, 59, 108]. The 
parameters of the model were extracted from measurements performed on five patients 
[59, 108]. From the relative complex permittivity data, the emissivity of healthy skin 
and skin with BCC is calculated using the model discussed in section 3.2; and the 
simulation results are illustrated in Figure 3.3.  
 
Figure 3.3: Simulations of the emissivity of healthy skin and skin with BCC. 
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The simulation results in Figure 3.3 indicate that the emissivity of the skin with BCC 
is ~0.03 lower than that of normal healthy skin, the simulation indicates also that the 
emissivity rises with the frequency over the band (100 GHz - 300 GHz). The 
uncertainties in the simulated emissivity values over the frequency band are ±0.0016 
(100 GHz - 140 GHz), ±0.002 (150 GHz - 220 GHz), and ±0.003 (230 GHz-300 GHz), 
estimated by error propagation analysis through Equation (3.11). 
Another study of skin with BCC using in vivo reflectivity measurements [56] has 
estimated the relative permittivity to be 15.0-j20.5 at 42 GHz, and that of healthy skin 
to be 11.5-j14.3. Using these permittivity values in the half space model gives 
emissivity values of 0.52 and 0.57 for skin with BCC and healthy skin respectively. 
These results indicate that the emissivity of skin with BCC is ~0.05 lower than that of 
normal healthy skin. These results indicate that radiometry might be used as a non-
contact viable technique for early detection of BCC.  
3.3.3 Dry and Wet Human Skin Samples over the Band (90 -100) GHz                
In this simulation, a comparison is made between the emissivity of wet and dry skin 
samples taken from a human cadaver. The wet samples were taken from a 10% 
formaldehyde solution, rinsed in water and then measured, whereas the dry samples 
were dried for a 4.0 hours period prior to the measurements [46]. Measurements of the 
relative complex permittivity were made over the frequency band 90 GHz to 100 GHz 
[46]using the free-space method of the transmission and reflection coefficients, and 
these measurements were taken and used in the half space model to calculate the 
emissivity values of wet and dry skin, these being presented in Figure 3.4.  
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Figure 3.4: Simulations of the emissivity of samples of dry and wet human skin. 
The simulation results in Figure 3.4 show higher emissivity values for dry skin, with 
the difference between dry and wet skin being ~0.09 across the frequency band          
(90-100) GHz. This difference might be useful for the non-invasive diagnosis of skin 
diseases, where the disease significantly alters the water content of the skin. The 
results show also a slight decrease in the emissivity with the frequency and this is due 
to systematic uncertainty in the relative complex permittivity measurements obtained 
from the free space method (as discussed in chapter 2, section 2.7). The uncertainties 
on the skin emissivity values are estimated to be ±0.009 over the frequency band 90 
GHz to 100 GHz by error propagation analysis through Equation (3.11).  
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3.3.4 Skin after the Application of Aqueous Gel (30-100) GHz 
In this section, a comparison is made between the emissivity of normal healthy skin 
and skin after the application of an aqueous gel (a mixture that consists mainly of water 
with a thickener, such as Ultrasound scan gel). This simulation uses the relative 
complex permittivity of in vivo skin [48].  The simulated emissivity rises over the 
frequency band from 30 GHz to 100 GHz, as illustrated in Figure 3.5:  
 
Figure 3.5: The simulated emissivity of healthy skin before and after it has been 
moistened by the application of an aqueous gel. 
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The simulation results in Figure 3.5 indicating that the emissivity of moistened skin is 
lower than that of the normal skin by an average value of 0.016 over the band                     
(30-100) GHz. At 100 GHz, this difference in emissivity rises to ~0.025, with error 
propagation analysis indicating the uncertainty is 0.0011.  
Aqueous gel is used in the relative complex permittivity measurements to achieve 
good contact between the open-ended coaxial probes and the human skin. Adding gel 
to the human skin increases the hydration level of the stratum corneum layer of the 
skin and reduces the inhomogeneity of the skin [48, 134]. This improved the contact 
between the probe and the skin and reduces the systematic uncertainties in the 
dielectric permittivity measurements arising from the otherwise varying coupling 
between the probe and the skin. Furthermore, the gel that consists mainly of water can 
be used in the measurements of the dielectric properties of the skin in a wet state as it 
can stay adhered to the skin surface longer than the water. As there are complex 
logistics and ethical issues associated with performing measurements on patients [3] 
this type of modelling is convenient means for a first evaluation of damage effects on 
the skin tissue. 
3.3.5 Burned and Unburned Porcine Skin Samples (30-40) GHz  
Simulation of the emissivity of burned and unburned porcine skin is made using the 
complex reflection coefficient measurements conducted on the skin samples over the 
frequency band 30 GHz to 40 GHz [62]. The skin samples were taken after the animals 
had been slaughtered. The complex reflection coefficient measurements are used for 
calculating the emissivity of the skin as illustrated in Figure 3.6. 
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Figure 3.6: Emissivity of unburned and burn damaged porcine skin samples. 
The simulation results in Figure 3.6 show a rise in emissivity with frequency and the 
results indicate that the burned skin has an emissivity of ~0.05 higher than that of 
unburned skin. This increase is due reduced the water content in the skin, a direct result 
of the burning process.  The absolute uncertainty in the measured emissivity is 
estimated to be ±0.005 from error propagation analysis through Equation (3.11).  
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3.4 Model Comparison: Half Space versus Three-Layer Model  
This section investigates the effects of possible reflections from deeper inner layers of 
tissue under the skin; a comparison is made between the half space model and the more 
complex three-layer model developed by the author [3]. The three-layer model 
comprises a semi-infinite layer of air, 1.44 mm layer of skin, and a semi-infinite layer 
of fat. The relative complex permittivity of skin is calculated from the measurement 
of reflection coefficients of skin [63], whilst the relative complex permittivity of fat 
tissue is calculated using Gabriel model [48]. The comparison between the two models 
is made for the skin with different water contents as shown in Figure 3.7.  
 
Figure 3.7: Comparison between the half space and the three-layer models. 
 
71 
 
The comparison between the half space model and the three-layer model in Figure 3.7 
shows that the results from the half space model are the same as those for the three-
layer model over the frequency band (30-100) GHz. This means that the deeper layers 
of tissue under the skin, consisting usually of fat doesn’t change the emissivity of the 
skin in the MMW band. This means that the half space model is sufficient for use over 
the whole MMW bands as the penetration depths fall with increasing the frequency. 
The three-layer model was found to be redundant as discussed in [124]. For this 
reason, further results are discussed with reference to the simpler half space model.   
                                          
3.5 Comparison of Skin Emissivity with Another Study  
The relative complex permittivity of healthy skin was measured experimentally over 
the band (20-37) GHz [131]. In this study, the mean value of the relative complex 
permittivity was used and converted into emissivity using the assumption that the 
human skin is a lossy dielectric and the reflection from inner layers is neglected. In 
the half space model, the emissivity of the skin is calculated over the band                     
(30-37) GHz using the relative complex permittivity data in [131] and then compared 
with the emissivity values reported in [131] as shown in Table 3.2. 
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Frequency 
(GHz) 
Emissivity calculated in  
[131] 
Emissivity from the half-
space model  
30 0.61 0.59 
31 0.62 0.61 
32 0.63 0.61 
33 0.64 0.62 
34 0.65 0.62 
35 0.66 0.63 
36 0.67 0.64 
37 0.68 0.65 
Table 3.2: The simulated and the calculated emissivity of the palm of the hand skin. 
The comparison in Table 3.2 shows a consistent rise in emissivity with frequency, with 
values from the half space model being 2.0% lower. This difference may be accounted 
for by the two slightly different ways in which the total reflectance is calculated. The 
study described in this chapter (using the half space model) is a refinement on the other 
study [131], integrating emission over the air-side hemisphere, which includes 
reflectance at all angles from normal to glancing incidence, whereas the other study 
[131] assumes a plane wave normal to the skin surface. 
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3.6 Discussion 
Simulations of the emissivity of skin with varying water contents (50%, 75%, and 
95%) in Figure 3.2 over the band 30 GHz to 100 GHz show that the emissivity rises 
with frequency but falls with the skin water content. This is due to the electromagnetic 
properties of water dominating the electromagnetic properties of the skin, providing a 
potentially viable, non-contact method to assist in the diagnosis of medical conditions 
where the skin water content is affected, such as eczema, malignancy, and psoriasis 
[55, 122]. 
Simulations of the emissivity of human skin with BCC over the band 100 GHz to       
300 GHz indicate values are 0.03 lower than that of healthy tissue (as illustrated in 
Figure 3.3). This is consistent with the interpretation that BCC increases the local 
vascularisation, which through increased the blood flow, raises the water content of 
the tissue and resulting in reduced emissivity at the site. This indicates the potential 
opportunities of the technique for the initial detection of the basal cells, which may 
not easily be observed in the visible band of the spectrum due to the opacity of the 
epidermis. 
Simulations of samples of wet and dry human skin indicate that the emissivity over 
the band 90 GHz to 100 GHz is lower for wet skin than for dry skin by ~0.09                  
(as illustrated in Figure 3.4). The lower value for the wet skin is consistent with the 
high relative permittivity of water resulting in higher reflectance and therefore, lowers 
emissivity.  
Simulations of the emissivity of human skin over the 30 GHz to 100 GHz band 
(illustrated in Figure 3.5), before and after the application of an aqueous gel indicate 
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that the gel reduces the emissivity at all frequencies on average over the band by 
~0.016. 
Simulations of the emissivity of porcine skin indicate that the burned samples have an 
emissivity of ~0.05 higher than unburned samples (as illustrated in Figure 3. 6). The 
interpretation here is that the burning process removes water from the skin, thereby 
reducing the reflectance and increasing the emissivity. For living organisms, however, 
a burn would result in exudates (mainly water) being introduced around the wound 
which would reduce the emissivity of the wound site. Knowledge of this and the 
transparency of bandages in the MMW region has led Essen et al [107] to investigate 
the feasibility of using MMW radiation to monitor the wound healing under plaster 
and hand support cast.   
As simulated emissivities from the half space and the three-layer model of the human 
skin (illustrated in Figure 3.7) are identical (within the simulation uncertainty), 
radiation from the skin must originate from the layer not deeper than ~1.44 mm, as 
that was the upper layer of the skin thickness in the three-layer model. This is 
consistent with the statement from Gandhi and Riazi [24] that radiation over the band 
30 GHz to 300 GHz is absorbed within a distance of 0.782 mm to 0.238 mm from the 
surface of the skin. It also means that the simulation model of human skin using the 
half space model described in this chapter is valid over the whole frequency band 30 
GHz to 300 GHz. These results also show a rise in the emissivity of skin with 
frequency, which is a behaviour that results directly from the decrease in the 
magnitude of the relative complex permittivity of water over this frequency band. As 
with other authors [21, 25], the author concludes that the water content of skin 
dominates the electromagnetic behaviour of the skin in the MMW band. 
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 3.7 Conclusions   
Simulation results from the half space electromagnetic model show that emissivity of 
human skin rises from 0.43 to 0.81 over the 30 GHz to 300 GHz band and this 
behaviour is consistent with the fall in the magnitude of the complex dielectric 
permittivity of water over this region. Simulations show that the emissivity of the skin 
varies with the water content and this could be used as a metric to detect and monitor 
malignancy, eczema, psoriasis, and burn healing in skin. Simulations indicate that 
interaction of the MMWs is in the region from the skin surface to ~1.0 mm below the 
surface, with greater (or less) penetration at the lower (or higher) frequencies over the 
30 GHz to 300 GHz band, suggesting opportunities for highly localised and selective 
skin layer measurements.  
Simulations indicate that the emissivity of the skin could be exploited potentially for 
the diagnosis of a range of medical conditions. Research continues in this area to 
understand how and why the emissivity of the skin varies on samples of healthy 
participants as illustrated in chapter 4. 
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Chapter 4 
In Vivo Measurements for the Human Skin Emissivity  
This chapter discusses the development of an experimental setup used to measure the 
human skin emissivity in vivo. Radiometers centred at 95 GHz and 90 GHz are 
calibrated and characterised for measuring the human skin emissivity. The 
measurements made on a sample of 30 healthy participants and two groups of 120 
healthy participants (60 participants in each group) are presented and discussed in 
two separate experiments. Variation in emissivity over different regions on the hand 
and forearm, with age, gender, body mass index, ethnicity, and hydration level of the 
skin are presented and discussed.  
4.1 Millimetre Wave Radiometry 
A radiometer is a device that is used to measure the thermal (Planck) radiation which 
looks like a thermal noise in character [138] and for radiation frequencies below the 
mid-infrared band (hf<kT) the intensity of the emission is directly proportional to the 
thermodynamic temperature of the object, enabling calibration in degrees Kelvin 
[139]. Radiometers can be either a single channel or multiple channels                 
(imaging radiometers). This chapter will discuss a single channel radiometer and 
chapter 7 will discuss the imaging radiometer.  
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The in vivo measurements of the MMW emission from the human body were made 
using a single channel radiometer. Such an instrument comprises of a receiving horn 
antenna (which collects the radiation), an amplifier, radio frequency filters, a detector 
(a square law detector that uses for generating an output voltage proportional to the 
input noise power), further video amplifiers, an integrator (which uses for averaging 
and smoothing the fluctuating voltage of the detector), and a data-recording device as 
illustrated in Figure 4.1. 
Figure 4.1: A block diagram shows the basic components of a single channel 
radiometer.  
The minimum detectable radiation temperature variation ∆𝑇𝑚𝑖𝑛for a radiometer 
(thermal sensitivity) is given by the radiometer equation, namely [130, 139, 140]: 
∆𝑇𝑚𝑖𝑛 =
𝑇𝐴 + 𝑇𝑅
√𝐵 𝑡
                                                                                                              (4.1) 
Where, t is the post-detection integration time, TR is the receiver noise temperature, B 
is the receiver bandwidth, and TA is the antenna radiation temperature, effectively the 
radiation temperature of the source in front of the antenna [140]. This constitutes the 
random uncertainty in the measurements for radiometers of this type.  
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From Equation (4.1) it can be seen that radiometric sensitivity can be enhanced either 
by increasing the integration time or the receiver bandwidth. However, a single 
channel radiometer and an imaging radiometer need to meet different scenario 
requirements so normally there is some compromise between the radiometric 
sensitivity, the rate at which images are generated and the cost and the size of the 
components. 
In the general radiometric measurement scenario of a single channel radiometer, the 
horn antenna collects thermal radiation from a target, a general descriptor for the 
object under investigation. In this case, the target is the human skin and in these 
experiments, the area of skin to be measured is larger than the antenna pattern at the 
skin.  
Materials in the MMW band have certain reflectance ranging from almost zero for 
highly absorbing materials to unity for metals. The level of reflectance is dependent 
on the dielectric properties of the materials and is described by the Fresnel equations 
(described in chapter 3, section 3.2). The skin also has a reflectance and as such 
measurement will include emission from the skin but also emission from the 
surroundings which becomes reflected from the skin into the radiometer antenna. The 
horn antenna is directed toward radiating thermal emissions from a target object, 
collects the emission, and generates a fluctuation voltage (the fluctuating voltage is a 
result of the radiometer equation (Equation 4.1)). Then the voltage level is amplified 
and detected through the receiver [138].  
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In radiometry, the total amount of radiation includes radiation from the target, 
radiation from the radiometer, and radiation from the environment; as illustrated in 
Figure 4.2. This radiation is dependent on the architecture of the radiometer and it is 
an essential requirement to distinguish between two types of received radiations;          
1) the noise power received from the target source, and 2) the unwanted noise 
generated by the receiver (the noise temperature of the radiometer) [138]. 
 
Figure. 4.2: General schematic for a radiometer collecting uniform thermal emissions 
from a blackbody (foam absorber). The horn antenna collects the emission and 
generates a fluctuating voltage, and the receiver amplifies and detects the emission.   
4.2 Radiometric Calibration 
Radiometric calibration is based on comparing the measured data of a known sample 
with its known standard value. In fact, this process is required for achieving a high 
quality of measurements with an acceptable level of uncertainty since the accuracy of 
the measuring devices reduces over the time due to frequent usage, electrical and 
mechanical factors and environmental effects [141]. Microwave radiometer can be 
calibrated using different methods namely; 1) liquid Nitrogen calibration (LN2),            
2) tipping curve calibration technique, and 3) noise diode calibration [142, 143].  
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The LN2 calibration method is the most common radiometric calibration method, as it 
is easy to apply and it provides accurate measurements. For precise and accurate LN2 
calibration, the following conditions should be met [142, 144]:  
 A well-known reference sample should be used in the calibration 
measurements with a known standard emissivity value close to unity. 
 The dimensions of the reference sample should be chosen to fill the beam 
pattern of the horn antenna.  
 The temperature of the reference sample should be uniform, constant and 
known across the whole area. 
 A large difference in temperature between the hot and the cold load calibration 
sources is required for achieving a predictable behaviour of the radiometer. 
 Repetition of the calibration process is required for achieving long-term 
stable measurements and drifts corrections. 
In radiometry, the external noise is introduced to the system through the receiving horn 
antenna. The sources of the external noise include lighting, gas discharge lump and 
wireless devices. However, the internal noise or thermal noise is generated internally 
due to the motion of electrons. The power level of the thermal noise, P can be 
expressed in terms of the system bandwidth, B measured in Hertz, the absolute 
temperature, T in Kelvin, and Boltzmann’s constant, k=1.38 𝑥10−23  Joule/Kelvin as 
[138, 140]:                                                                                                                                                                                                                                                                                                                                        
𝑃 = 𝑘𝑇𝐵                                                                                                                                (4.2) 
In microwave devices, the overall system noise can be identified by one parameter 
namely; the equivalent noise temperature or the effective noise temperature, TN that 
can be measured using the Y-factor method illustrated in Figure 4.3: 
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Figure 4.3: Schematic for the Y- factor method with hot and cold calibration loads 
[140]. 
The output noise power from the hot load N1 is a combination of the noise power from 
the hot load and the noise power from the amplifier [140]: 
𝑁1 = 𝐺𝑘𝑇1𝐵 + 𝐺𝑘𝑇𝑁𝐵 = 𝐺𝑘𝐵(𝑇1 + 𝑇𝑁)                                                                      (4.3) 
Where, G is the amplifier gain and T1 is the hot load temperature in Kelvin.  
The output noise power from the cold load N2 likewise is [140]: 
𝑁2 = 𝐺𝑘𝑇2𝐵 + 𝐺𝑘𝑇𝑁𝐵 = 𝐺𝑘𝐵(𝑇2 + 𝑇𝑁)                                                                     (4.4) 
Where, T2 is the cold load temperature in Kelvin and it is less than T1.  
The Y-factor is defined as the ratio of the receiver output noise power when measuring 
the hot load source to that of measuring the cold load source [140]: 
𝑌 =
𝑁1
𝑁2
=
𝑇1 + 𝑇𝑁
𝑇2 + 𝑇𝑁
                                                                                                              (4.5) 
Using the measured Y-factor, and the known temperatures for the hot and the cold load 
sources, the equivalent noise temperature can be calculated as [140]: 
𝑇𝑁 =
𝑇1 − 𝑌𝑇2
𝑌 − 1
                                                                                                                     (4.6) 
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The noise figure is used for characterising the noise in the microwave devices, and it 
is defined as the ratio between the input signal to noise ratio, Si/Ni to that of the output 
signal to noise ratio, So/No as [140]: 
𝑁𝐹 =
𝑆𝑖 𝑁𝑖⁄
𝑆𝑜 𝑁𝑜⁄
=
𝑁𝑜
𝐺𝑁𝑖
=
(𝑇𝑜 + 𝑇𝑁)
𝑇𝑜
                                                                     (4.7) 
Equation (4.7) indicates that the noise figure, NF of an instrument is directly 
proportioned to the equivalent noise temperature, TN and it is inversely proportional to 
the ambient temperature, 𝑇𝑜.  
 4.3 Antenna Parameters  
The antenna is a system component that collects inward coming electromagnetic 
radiation, from one or a number of directions, and direct this, via transitions and 
transmission lines, to a receiver as in radiometry. Operating the other way around, it 
may direct radiation from a source outwards to an object, to illuminate it as in a radar 
system (that will be discussed in chapters 6 and 7). However, different frequency 
bands require different types of antennas that can be described and characterised by 
the following parameters [27]: 
 Antenna pattern: is a three-dimensional graphical representation that measured 
the radiated field strength of the antenna using either rectangular or polar 
representations. 
 Antenna radiation efficiency (𝐸𝑓): is measured how much input power radiated 
by an antenna. Usually, antennas with high efficiency radiate most of the input 
power whereas antennas with low efficiency absorb or reflect most of the input 
power.  
𝐸𝑓 = (
𝑃𝑟𝑎𝑑
𝑃𝑖𝑛
)                                                                                                           (4.8) 
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 Antenna bandwidth (𝐵): is the frequency range at which the antenna operates 
within an acceptable level of performance. The bandwidth of the antenna can 
be calculated as:  
𝐵 = 𝐹𝐻 − 𝐹𝐿                                                                                                           (4.9)  
Where, 𝐹𝐻 is the highest frequency, and 𝐹𝐿 is the lowest frequency.  
 Antenna gain (𝐺): is measured the ability of the antenna to direct radio 
frequency (RF) energy in a specific direction or pattern. An antenna with high 
gain is more efficient than that of low gain as it is capably to direct most of the 
RF energy toward a specific direction rather than all direction. The gain of the 
antenna can be expressed in terms of antenna directivity, D and antenna 
radiation efficiency, 𝐸𝑓  as:   
𝐺 = 𝐷 𝑥 𝐸𝑓                                                                                                           (4.10) 
 Polarisation: is defined by the orientation of the electric field within the 
electromagnetic wave. Antenna polarisation can be classified into a linear 
polarisation (either vertical or horizontal), a circular polarisation (either right 
or left-handed), and an elliptical polarisation (combination of linear and 
circular polarisation).  
 Radiation intensity: is the ratio of the total radiated power of the antenna per 
unit of the solid angle. 
 Antenna directivity (D): is the ratio between the maximum radiation intensity 
of the antenna at a specific direction and the average radiation intensity of an 
isotropic antenna. The directivity of the antenna can be enhanced by using 
focusing components such as a mirror or lens. Although, this component 
enhance the directivity of the antenna. However, it increases the weight and 
the size of the antenna.   
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4.4 Experiment 1: Radiometric Measurements at 95 GHz  
The objective of this experiment is to study how the emissivity of the human skin 
varies between individuals and locations on the arm. This experiment represents the 
initial investigation about the emissivity of the human skin over the MMW band.   In 
this experiment, the measurements were conducted at a centre frequency of 95 GHz 
on a sample of 30 healthy participants [124]. The measurements were made at four 
locations and these were: 1) the outer wrist, 2) the inner wrist, 3) the dorsal surface of 
the forearm, and 4) the volar side of the forearm. The measurement locations are 
illustrated in Figure 4.7. 
4.4.1 Participants and Ethical Approval  
Thirty healthy participants (18 males and 12 females) with no history of skin disease 
were measured in this experiment. The participants have ages ranging from 23 to 65 
years. The study was approved by the ethics committee of Manchester Metropolitan 
University (ethics reference no: SE151630CA1). Written consent form was obtained 
from all participants before performing the measurements and all participants were 
informed that no skin care products were applied to the measured sites. The ethical 
approval for this study is attached in Appendix A.           
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4.4.2 Selection of Frequency                 
The motivations for using the 95 GHz centre frequency are as follows: 
 The 95 GHz frequency was chosen, as indications are that radiation at this 
frequency interacts mostly with the top 0.4 mm layer of the skin [21], and so 
is ideally suited to the measurements of the epidermis and the dermis layers of 
the human skin. The penetration depth of the millimetre wave radiation in the 
human skin as a function of frequency is illustrated in Figure 2.2 (chapter 2, 
section 2.4).  
 Millimetre wave devices (radiometers, radars, low noise amplifiers, and 
detectors) are widely available and developed at 95 GHz as this transmission 
window provides a balance between the spatial resolution and the atmospheric 
absorption [8, 145].  
 
 
 
 
 
 
 
 
86 
 
4.4.3 Experimental Method for Measuring the Human Skin Emissivity 
The emissivity of the sample is defined as the fraction of thermal electromagnetic 
(Planck) radiation relative to the thermal blackbody radiation for a source at the same 
thermodynamic temperature [129]. Human skin emissivity can be measured using a 
radiometer, the output of such a device is a voltage V in volts, expressed as [3, 140]:  
V =  α(Tb + TN)                                                                                                                (4.11) 
Where, Tb is the radiation temperature of the source (in this case the skin) expressed 
in Kelvin, α is the receiver responsivity in Volts per Kelvin, and TN is the receiver 
noise temperature in Kelvin. However, the radiation temperature of the source can also 
be expressed in terms of the source emissivity , the skin thermodynamic (or physical) 
temperature TS, and the background illumination radiation temperature T0 [146] as:  
Tb = (1 − η)T0 + Tsη                                                                                                      (4.12) 
Calibration of this radiometer can be done using two blackbody radiator sources, one 
at a low temperature TC and the other at a high temperature TH [130, 140, 147]. This 
process calibrates the receiver responsivity and the receiver noise temperature, both of 
which are assumed to be constant, or alternatively, the system response is assumed to 
be linear. If the measurements are done indoors in an anechoic environment (where 
there is no radiometric emission from people or lower emissions from outdoors), the 
low temperature calibration source is a foam absorber at ambient temperature TC. 
Under these circumstances, the output voltage when measuring the low temperature 
calibration source VC becomes [140]: 
VC =  α(TC + TN)                                                                                                              (4.13) 
87 
 
and when measuring the high temperature calibration source VH, the high temperature 
calibration source is a piece of foam absorber heated and stabilised at 53.8 oC, it is: 
 VH =  α(TH + TN)                                                                                                            (4.14)                         
From this calibration procedure the receiver responsivity is:  
α =
(VH − VC)
(TH − TC)
                                                                                                                  (4.15) 
and the output voltage for the human skin target VS is: 
Vs = α(Tb + TN)                                                                                                               (4.16) 
Using Equations (4.12, 4.15 and 4.16), and equating T0 to TC the emissivity of the 
skin becomes: 
η =
(Vs − VC)(TH − TC)
(VH − VC) (Ts − TC)
                                                                                                (4.17) 
Equation (4.17) indicates that the emissivity of the skin can be measured 
experimentally by measuring the output voltage and the thermodynamic temperature 
of the calibration sources (hot and cold) and the target area of the skin.  
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4.4.4 Experimental Setup for Measuring the Human Skin Emissivity  
A radiometer sensitive at 95 GHz was used for the measurements of the human skin 
emissivity. The equipment for measurement and calibration comprises a horn antenna 
connected through a circulator to a radiometer, two pieces of carbon loaded foam 
absorbers acting as hot and cold calibration sources (foam absorber type: Eccosorb 
AN-73), and the subject tissue to be measured, as illustrated in Figure 4.4.   
 
Figure. 4.4: In the experimental setup radiometric emission at 95 GHz is collected by 
a moveable horn antenna (3) at positions: A to measure a hot calibration source (1), B 
to measure the skin (5) and C to measure the cold calibration source (2), a 
thermocouple (4) is used to measure the thermodynamic temperature of the skin, a 
digital voltmeter (8) is used to measure the output voltage of the calibration sources 
and the skin. The horn antenna connected through a waveguide circulator (6) to a 
radiometer (7) that consists of a low noise amplifier and detector. 
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The radiometer (type: direct detector radiometer, manufacturer: Millitech) is 
essentially a low noise, high gain amplifier, followed by a detector, with sufficient 
sensitivity to detect the thermal (Planck) emission from ambient temperature sources 
over the frequency band (94-96) GHz. Radiometers have the performance metric of 
noise temperature measured in Kelvin; the lower the figure the more sensitive the 
system. The noise temperature of the radiometer was measured in the course of this 
research to be 430.5 K (using Equations 4.5 and 4.6), which represents a good 
performance for this application.  
A circulator (model number: CR-10/95/2, manufacturer: ELVA-1) operating over the 
frequency band (94-96) GHz was placed between the horn antenna and the receiver. 
This device prevents radiation that has passed into the radiometer from being reflected 
back out of the system, which may be reflected from the subject back into the 
radiometer. Its function in the system is to minimise the effects of spurious signals 
which would otherwise arise from these retro-reflections. In trials to identify spurious 
signals, by reflecting emissions from the radiometer back into the receiver, none were 
found. 
The complete system except for an opening for the subject to be measured was 
enclosed in an anechoic region made by surrounding the majority of the radiometer 
and antenna with carbon loaded absorbing foam (type: anechoic pyramidal absorber 
and dimensions per each piece are; length= 600 mm x width= 600 mm). This 
prevented radiation from external sources, be it from the outdoors or other people in 
the environment, getting into the system to corrupt signals. 
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A horn antenna (model number: 27240-20, manufacturer: Flann Microwave) has a 
rectangular aperture (20 x15 mm2) and a nominal gain of 20 dBi, effective over the 
frequency band (90-100) GHz. During the experiment, the horn antenna was moved 
laterally by the hand to measure emission from the subject and from the hot and cold 
calibration sources in relatively quick succession. It typically takes about 1.0 min to 
complete this measurement process, allowing for a settling time, which minimises 
systematic errors associated with drift. The horn antenna during these measurements 
is located approximately ~10.0 mm away from the sources and the antenna beam 
pattern on the skin is approximately 20.0 mm across.  
The hot calibration source is stabilised at a temperature of 53.8 oC with a precision 
that is smaller than a fraction of a degree by using a heat control metal plate (model 
number: SP2230-280H, manufacturer: SciQuip Ltd). The foam absorber was placed 
on the metal plate after the metal plate is heated and located in a polystyrene foam 
bucket that transparent to MMW radiation. The cold calibration source remains at the 
ambient temperature of 23.0 oC, as maintained by the building central heating system. 
The carbon loaded foam absorbers used in this experiment (type: Eccosorb AN-73, 
manufacturer: Laird) have measured emissivity values greater than 0.99 as reported in 
[148, 149], thus they behave as good approximations to a black body emitter.  
Regions of the human body measured by this method were areas on the wrist and 
forearm. A standard thermocouple (model number: L812, manufacturer: Leaton) was 
used to measure the skin surface temperature in these regions directly, before and after 
the measurement. The temperature is indicated via a digital readout with a 0.5 oC 
absolute measurement uncertainty and 0.1 oC step size. An infrared thermometer 
(model number: N85FR, manufacturer: Maplin) was used to measure the 
thermodynamic temperatures of the calibration sources and had an absolute 
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measurement uncertainty of ±1.5 oC. The devices are cross-calibrated by measuring 
the temperature of the same source, so the relative uncertainty of the measurement is 
much smaller, typically less than 0.1 oC. The typical voltage measurements were up 
to 100 mV with a precision of 0.1 mV. Error propagation through Equation (4.17) 
indicates the uncertainty on the measured emissivity is 0.002. 
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4.4.5 Experimental Results  
The emissivity of the human skin was measured experimentally using the calibrated 
radiometer of Figure 4.4 and Equation (4.17). The measurements were performed at a 
centre frequency of 95 GHz on a sample of 30 healthy participants. The measurements 
were repeated five times at each location to grade against the systematic errors. The 
mean emissivity values were calculated and represented for all participants, as 
illustrated in Figures (4.5 and 4.6).  
4.4.5.1 Experimental Results from the Whole Sample  
Statistical analysis of the measurements of the human skin emissivity of a sample of 
30 healthy participants are summarised in Table 4.1 as: 
Location Mean emissivity 
() 
Standard deviation 
() 
Standard error in 
the mean (/30) 
The outer wrist 0.417 0.0598 0.0109 
The inner wrist 0.357 0.0616 0.0112 
The dorsal surface 0.476 0.0957 0.0175 
The volar side 0.400 0.0950 0.0174 
All locations 0.413 0.091 0.0166 
Table 4.1: Statistical analysis of the data for a sample of 30 healthy participants.  
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Experimental results in Table 4.1 indicate that there are differences in the mean 
emissivity values between different locations on the arm. The sample mean of the 
differences in the mean emissivity values between the outer and inner wrist locations 
is 0.06 with a sample standard deviation in the differences of 0.035, generating an 
error in the mean (/n, where n is the number of samples) of 0.0064. This difference 
is 9.3 times the standard error, indicating consistent differences in the mean emissivity 
values between the outer wrist and the inner wrist locations. 
The sample mean of the differences in the mean emissivity values between the dorsal 
and the volar side of the forearm is 0.076 with a sample standard deviation in the 
differences of 0.041, generating an error in the mean of 0.0075. This difference is 10.1 
times the standard error, indicating consistent differences in the mean emissivity 
values between the dorsal surface and the volar side of the forearm skin. Upon closer 
inspection, these differences are related to the thickness of the skin layers.     
4.4.5.2 Experimental Results from Female Measurements  
Measurements of human skin emissivity for a sample of 12 female participants show 
consistent variations in the mean emissivity values between individuals and at 
different locations on the arm of individuals. The measurements in Figure 4.5 show 
that the mean emissivity values for the dorsal surface and the outer wrist locations are 
higher than the volar side and the inner wrist locations.  
94 
 
Figure 4.5: Mean emissivity values for a sample of 12 female participants. 
Measurements in Figure 4.5 indicate that females have a sample mean emissivity of 
0.3846 with a sample standard deviation of 0.0877, generating a standard error in the 
mean of 0.0253. Statistical analysis indicates that the mean differences in the 
emissivity values between the outer and the inner wrist, and the dorsal and the volar 
regions are 0.0678 and 0.0948 with a sample standard deviation in the differences of 
0.0365 and 0.0535 respectively. These differences are significant as the p-values i.e 
(the p-value for the inner and the outer wrist locations is 49x10-6 and the p-value for 
the dorsal and volar regions is 73x10-6) obtained from the paired t-tests are less than 
the critical significance level of 0.05.  An overview of the statistical analysis for the 
human skin measured emissivity values over a sample of 12 female participants are 
summarised in Table 4.2 as: 
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Location Mean emissivity 
() 
Standard deviation 
() 
Standard error in 
the mean (/12) 
The outer wrist 0.395 0.0524 0.0151 
The inner wrist 0.327 0.0565 0.0163 
The dorsal surface 0.456 0.0878 0.0254 
The volar side 0.361 0.0899 0.0259 
Table 4.2: Statistical analysis of the data for a sample of 12 female participants. 
 
4.4.5.3 Experimental Results from Male Measurements  
The emissivity measurements from 18 male participants in Figure 4.6 show a similar 
trend to that of females in terms of the differences in the mean emissivity values 
between the thicker skin region (outer wrist and dorsal surface of the forearm) and the 
thinner skin region (inner wrist and volar side of the forearm). The results obtained 
from the paired t-tests of male participants indicate significant differences in the mean 
emissivity values between the inner and the outer wrist locations (p-value = 4.0x10-6) 
and the dorsal and volar regions (p-value =1.104x10-8). The measurements indicate 
that males have a sample mean emissivity of 0.431 with a sample standard deviation 
of 0.0878, generating a standard error in the mean of 0.0207. Although the sample 
mean of the emissivity values of the male participants are higher by 0.0464 than those 
of the female participants. However, the results obtained from the unpaired t-test 
indicate that these differences are insignificant as the p-value (0.2433) is greater than 
the critical significance level of 0.05. This is due to the small number of human 
subjects that involved in this study (18 males and 12 females).  
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Figure 4.6: Mean emissivity values for a sample of 18 male participants. 
An overview of the statistical analysis for the human skin measured emissivity values 
over a sample of 18 male participants are summarised in Table 4.3 as:  
Location Mean emissivity 
() 
Standard deviation 
() 
Standard error in 
the mean (/18) 
The outer wrist 0.432 0.0596 0.0141 
The inner wrist 0.377 0.0565 0.0133 
The dorsal surface 0.490 0.0982 0.0232 
The volar side 0.426 0.0894 0.0211 
Table 4.3: Statistical analysis of the data for a sample of 18 male participants. 
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4.4.6 Discussion  
Radiometric measurements made on a sample of 30 healthy participants at 95 GHz 
indicate that there is a scatter over the range from 0.2 to 0.7 with experimental 
measurements uncertainty of ±0.002. Calculating the sample mean emissivity values 
for the 18 males and the 12 females separately over all measurement locations 
indicates that the sample mean of the males are higher by 0.0464 than those of females. 
This finding is consistent with the skin of males being thicker than that of females 
[150, 151, 152]. 
Radiometric measurements of the human skin emissivity indicate variation in the 
mean emissivity values of the skin between individuals and locations. It is likely that 
these variations are due to the water content and the skin thicknesses that varies 
between individuals and locations on the arm. This capability could potentially be 
exploited for the diagnosis of a range of medical conditions and this is strongly 
supported by the simulation results obtained from the half space model in chapter 3.  
Measurements of the differences in the mean emissivity values between the inner and 
the outer wrist, and between the dorsal and the volar regions of the forearm of all 30 
participants are in the range of 0.06 to 0.076. These differences being approximately 
10 times the standard errors in the mean and they are likely to be due to the much 
thicker skin on the outer wrist and the dorsal area of the forearm. The thinner skin on 
the inner wrist and volar regions [82, 153] means that radiation is more readily 
reflected from the blood vessels [154] and this increases the reflectance of the skin 
and reduces the emissivity. These measurements indicate the potential for a non-
contact method of diagnosing a variety of skin conditions using MMW radiometers.  
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Based on the results presented herein, it is recommended that further measurements 
be made on larger and more varied groups of individuals to investigate possible links 
between variations in emissivity and other factors such as the body mass index, the 
gender, the age, and the ethnicities of the participants and also the hydration level of 
the skin. This will be discussed in details in the following section (experiment 2).  
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4.5 Experiment 2: Radiometric Measurements (80-100) GHz  
A radiometer, integrating the emission over the frequency band 80 GHz to 100 GHz, 
was used for measuring the human skin emissivity. The measurements were conducted 
on two groups of healthy participants and there were 60 participants in each group. 
The objectives of this experiment are summarised as follows:  
 Assess variations in emissivity between individuals and locations on the arm.  
 Assess variation in emissivity between males and females participants. 
 Assess variation in emissivity between participants having normal and high 
body mass index from both genders.  
 Assess variation in emissivity between participants having Asian and 
European ethnicities from both genders. 
 Assess variations in emissivity between normal and wet skin from both 
genders. 
 Assess variations in emissivity between different age groups from both 
genders. 
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4.5.1 The First Group of Healthy Participants  
Sixty healthy adult participants (36 males and 24 females) having a variety of 
ethnicities, ages, and body mass index were measured in this experiment. The 
participants have ages ranging from 20 to 67 years. The participants have a mean and 
a standard deviation (±SD) in mass: 72.5 ± 13.92 kg, and height: 1.66 ± 0.099 m. The 
male group comprised: 12 Europeans (UK), 12 Asians (Middle Eastern), and 12 others 
of different ethnicities. The female group consisted of 12 Europeans (UK) and 12 
Asians (Middle Eastern). The ethics of the study was approved by the ethics committee 
of Manchester Metropolitan University and a written consent form was obtained from 
each participant (ethics reference no: SE151630CA1).The ethical approval for this 
study is attached in Appendix A.            
4.5.2 Selection of the Millimetre Wave Band  
The millimetre wave band offers a higher spatial resolution measurement capability 
than the microwave band, with a spatial resolution down to approximately half 
wavelength and a penetration in the skin of up to around 1.0 millimetre it offers a 
deeper probing capability than the terahertz (>300 GHz) systems [21]and as such it is 
ideal for measuring the epidermis and the dermis layer of the skin. The penetration 
depth of the millimetre wave radiation in the human skin as a function of frequency is 
illustrated in Figure 2.2 (chapter 2, section 2.4).  
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4.5.3 Choice of Measurement Locations  
In the first group of 60 healthy participants, the measurements were made at six 
locations on the arm and these were: 1) the palm of the hand, 2) the back of the hand, 
3) the inner wrist, 4) the outer wrist, 5) the volar side of the forearm (50 mm from the 
inner elbow), and 6) the dorsal surface of the forearm (50 mm from the outer elbow) 
as illustrated in Figure 4.7. These locations were chosen as they provide variations in 
skin thickness and water content all of which vary with age, gender, ethnicity, body 
mass index, and location on the body [71, 150, 151, 155, 156, 157, 158]. To identify 
possible variation in human skin emissivity due to the presence of hair, the 
emissivitties for the dorsal surface skin were measured before and after shaving the 
hair. These measurements were conducted on a female participant and the results 
obtained indicate that the mean emissivity value of the skin is (0.5 ± 0.005) for both 
hairy and hairless dorsal surface skin. These measurements confirm that there is no 
effect of the hair on the emissivity of the skin over the frequency band (80-100) GHz. 
 
Figure 4.7: Locations on the arm where the emissivity of the skin is measured. 
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4.5.4 Experimental Setup  
A direct detection radiometer sensitive over the frequency band (80-100) GHz was 
used for measuring the emissivity of the human skin. The equipment for measurement 
consists of a W-band horn antenna connected directly to the millimetre wave 
monolithic integrated circuit (MMIC) detector. The output of the detector was 
connected through a coaxial cable to a digital voltmeter and through wires to a DC 
power supply, as illustrated in Figure 4.8.  
 
Figure 4.8: The main elements of the experimental work: A horn antenna connected 
to MMIC detector (consisting of a two-stage low noise amplifier; zero bias diode 
detector and buffer amplifier). A wall of carbon loaded absorbing foam surrounds the 
majority of the system. 
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The horn antenna (model number: AS4341, manufacturer: Atlan Tec RF) has a 
rectangular aperture (30 mm x 25 mm) and a nominal gain of 20 dBi over the 
frequency band 80-100 GHz. During the experiment, the horn antenna was fixed to 
measure emission from the subject and from the hot and the cold calibration sources.  
The MMIC detector consists of a two-stage low noise amplifier (type: monolithic 
millimetre wave integrated circuit (MMIC) LNA, gain: 20 dB), zero bias diode 
detector (type: MMIC wideband ZBD, power 10.0 µW) and buffer amplifier (type: 
MMIC wideband buffer amplifier, power: 20 dBm, and voltage: 5.0 V). The complete 
system except for an opening for the subject to be measured was enclosed in an 
anechoic region made by surrounding the detector and the horn antenna with a wall of 
carbon loaded absorbing foam (type: anechoic pyramidal absorber and dimensions per 
each piece are; length= 600 mm, and width= 600 mm).  
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4.5.5 Calibration and Initial Measurements  
The radiometer was calibrated by comparing the measured data from subjects with the 
emission levels from known standard sources [130, 140, 142, 147]. The standard 
sources were carbon loaded foam absorbers at liquid Nitrogen (77.0 K) and ambient 
temperature (293.0 K), as illustrated in Figure 4.9. A standard thermocouple and an 
infrared thermometer (described in section 4.4.4) were used to measure the 
thermodynamic temperatures of the target area of the skin and the calibration sources. 
The results obtained from the two thermometers were the same with a relative 
uncertainty of the measurement less than 0.1 oC, and as the infrared thermometer can 
measure the thermodynamic temperature of the skin in non-contact with the human 
body, it was chosen to measure the thermodynamic temperature of the skin.  
The carbon foam absorbers (type: Eccosorb AN-73, manufacturer: Laird) had a 
rectangular shape and dimensions (length=170 mm, width=150 mm, and thickness     
10 mm). These dimensions were chosen to fill the beam pattern of the horn antenna, 
thereby minimising systematic uncertainties. The measured emissivity values of the 
foam absorbers are greater than 0.99 over the frequency band 80-100 GHz [148, 149], 
thus they behave as good approximations to a black body emitter. The difference in 
temperature between the hot and the cold load is ~216 K, this large difference reducing 
the systematic uncertainties in the emissivity measurements to a minimum. The 
calibration Y-factor was measured to be 1.408 (using Equation 4.5). These 
measurements were taken from ten separate experiments and repeated 5-10 times at 
each experiment, the calibration measurements were repeated 5-10 times and they 
were consistent. This indicates that the radiometer had a long-term measurement 
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stability. The noise temperature and the noise figure for the system were measured to 
be 453.7 K and 2.55 respectively (using Equations 4.6 and 4.7).  
The amount of self-emission reflected back from subjects was investigated by placing 
a metal plate perpendicular to a beam distance of 1.0 cm from the horn antenna beam. 
The mean level of self-emission reflected back from the metal plate (100% reflective 
surface) was measured to be in the range of 294-295 K with a standard deviation of 
±1.0 K. These results show that the radiation temperature from the metal plate is 
approximately the same as the ambient temperature, meaning there is no spurious 
emission from the radiometer to corrupt the measurements [159]. 
It is a well-known fact that the fluorescent lighting generates a low level (few Kelvin) 
of MMW radiation, modulated at 100 Hz, the second harmonic of the frequency of the 
mains electricity supply [159]. Millimetre wave emission emitted from a fluorescent 
light located ~5.0 cm from the horn antenna (where the measurements are conducted) 
was found to increase the radiation temperature measured by the radiometer by an 
amount of 62 K to 74 K; a mean value of 67.5 K with a standard deviation of ±4.0 K. 
When the fluorescent light was located directly in the beam of the horn antenna (where 
the maximum increase in radiation temperature is observed), the radiation temperature 
was found to increase by an amount of 80 K to 100 K; a mean value of 84.3 K with a 
standard deviation of ±8.0 K. For this reason, all fluorescent lights were turned off in 
the laboratory during the measurements.  
 
 
 
106 
 
4.5.6 Methodology for Measuring the Human Skin Emissivity 
The horn antenna was located at a distance ~5.0 cm from three different radiation 
sources:  1) ambient temperature source calibration (Figure 4.9 a), 2) liquid Nitrogen 
source calibration (Figure 4.9 b), and 3) the human skin (Figure 4.9 c). The distance 
5.0 cm has been chosen as an optimal distance for an existing measurements system. 
This distance is chosen for convenience, to minimize the chances of subjects 
accidentally touching and moving the measurement apparatus. A greater distance 
between the measured subject and the horn antenna would lead to measurements 
having poorer spatial resolution. Using Equations (4.12, 4.15 and 4.16), and equating 
T0 to TH the emissivity of the skin becomes [126]: 
η =
(Vs − VH)(TH − TC)
 (Ts − TH)(VH − VC)
                                                                                               (4.18) 
A digital voltmeter with 0.1 mV resolution was used to measure the output voltage for 
the target area of the skin Vs and the calibration sources (VH and VC) , and an infrared 
thermometer with absolute accuracy 0.01 oC was used to measure the skin surface 
temperature Ts, and the thermodynamics temperature of the calibration sources           
(TH and TC).  
Error propagation through Equation (4.18) indicates that the systematic uncertainty is 
±0.005, whereas error propagation from Equation (4.1) indicates that the random error 
in the minimum detectable radiation temperature is 5.0 mK.  
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Figure 4.9: Illustrations of the experimental setup inside the walls (blue-grey) of the 
anechoic chamber, showing the hot (a) and the cold (b) calibration procedures and the 
measurement of the skin (c).   
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4.5.7 Methodology of Data Processing  
The following block diagram summarises the methodology of data processing for the 
measurements conducted in experiment 2: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10: A methodology of data processing applied in experiment 2. 
Start End 
Calibrate the radiometer and measure:  
The receiver noise temperature            
The Y-factor                                       
The noise figure  
The noise figure 
 
Measure the level of thermal emission 
from different region on the arm for all  
healthy participants. 
Measure the thermodynamics temperature 
of the skin by using infrared thermometer 
directly before and after measuring the level 
of thermal emission.  
 
For each participant: Calculate the 
mean and the standard deviation of 
the emissivity at each location.  
 
 
 
Repeat the measurements in steps three and 
four (5-10) times for each measurement 
locations.  
 
Test the radiometer self-emission by using 
a metal plate (100% reflector).                 
Test the MMW emission from fluorescent 
lights and turn them off if levels are 
perturbing the measurement. 
 
In the first group of 60 healthy 
participants, make a comparison in 
emissivity based on gender, 
location, ethnicity, body mass 
index, normal and moistened skin.  
For the whole populations (the first 
and the second group of healthy 
participants):                                      
Display females and males data on 
separate graphs. 
   
 Use Equations (4.1 and 4.18) to 
calculate the random and the 
systematic uncertainties.  
±0.005 
Read the data file and use Equation (4.18) to 
calculate the emissivity of the skin. 
 
Step: 1 
Step: 2 
Step: 3 
Step: 4 
Step: 5 
Step: 6 
Step: 8 
Step: 7 
Step: 10 
Step: 9 
Step: 11 
In the second group of 60 healthy 
participants, make a comparison in 
emissivity based on age, gender, 
and measurement locations. 
Step: 12 
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4.5.8 First Group of Healthy Participants Experimental Results  
The emissivity of the human skin was measured experimentally using the calibrated 
radiometer of Figure 4.8 and Equation (4.18). In this part, the measurements were 
performed over the band 80 GHz to 100 GHz on a sample of 60 healthy participants 
from both genders (first group of healthy participants; 36 males and 24 females). 
4.5.8.1 Female Emissivity Measurements  
The measurements in Figures (4.11, 4.12 and 4.13) represent the mean emissivity for 
a sample of 24 female participants, with error bars representing the systematic 
uncertainty. The measurements show variation in the mean emissivity values between 
individuals and locations on the arm. These variations are due to the differences in 
skin thickness and the number of blood vessels (which raises the water content) which 
varies from location to another and between individuals [71, 153]. The mean 
emissivity of the sample overall measurement locations is 0.383 with a standard 
deviation of 0.0839 and experimental measurements uncertainty of 0.005. Table 4.4 
shows the mean, the standard deviation, and the standard error in the mean for a sample 
of 24 female participants at six measurement locations: 
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Location Mean emissivity  
(µ) 
Standard deviation 
(σ)  
Standard error in 
the mean (/24) 
The palm of hand 0.430 0.0951 0.0194 
The back of hand  0.371 0.0865 0.0177 
The outer wrist 0.378 0.0654 0.0134 
The inner wrist 0.313 0.0620 0.0127 
The dorsal surface 0.438 0.0659 0.0135 
The volar side 0.365 0.0549 0.0112 
Table 4.4: Statistical analysis of the data for a sample of 24 female participants. 
 
In general, the lower values of emissivity are results of measuring particularly thin 
skin on the back of the hand, the inner wrist, and the volar side of the forearm [153], 
whereas the higher values of emissivity are results of measuring thick skin on the palm 
of the hand, the outer wrist, and the dorsal surface of the forearm [82].  
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Figure 4.11: Mean emissivity for the palm of the hand and the back of the hand skin 
for a sample of 24 female participants. The participants’ ages are as follows: 1) 22, 
2) 23, 3) 23, 4) 24, 5) 24, 6) 24, 7) 25, 8) 26, 9) 27, 10) 29, 11) 29,  12) 30, 13) 31, 
14) 32, 15) 32, 16) 33, 17) 33, 18) 35, 19) 36, 20) 42, 21) 44, 22) 45, 23) 45, 24) 54. 
Measurements in Figure 4.11 show that the mean emissivity for the palm of the hand 
skin is higher than that of the back of the hand skin for all female participants. 
Statistical analysis of the data indicates that the mean differences in the emissivity 
values between the palm of the hand and the back of the hand is 0.0589 with a sample 
standard deviation in the differences of 0.0375. These differences are significant as 
the p-value (6.014x10-8) obtained from the paired t-test is lower than the critical 
significance level of 0.05. 
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Figure 4.12: Mean emissivity for the outer and the inner wrist skin for a sample of 24 
female participants. The participants’ ages are identified in Figure 4.11.  
Measurements in Figure 4.12 show that the mean emissivity for the outer wrist is 
higher than that of the inner wrist for all female participants. Statistical analysis of the 
data indicates that the mean differences in the emissivity values between the outer and 
the inner wrist is 0.0646 with a sample standard deviation in the differences of 0.0394. 
These differences are significant as the p-value (6.37x10-8) obtained from the paired 
t-test is lower than the critical significance level of 0.05. 
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Figure 4.13: Mean emissivity for the dorsal surface and the volar side skin for a sample 
of 24 female participants. The participants’ ages are identified in Figure 4.11.  
The measurements in Figure 4.13 show that the mean emissivity for the dorsal surface 
is higher than that of the volar side for all female participants. Statistical analysis of 
the data indicates that the mean differences in the emissivity values between the dorsal 
and the volar regions is 0.0729 with a sample standard deviation in the differences of 
0.0449. These differences are significant as the p-value (2.22x10-7) obtained from the 
paired t-test is lower than the critical significance level of 0.05. 
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4.5.8.2 Male Emissivity Measurements  
The measurements in Figures (4.14, 4.15 and 4.16) represent the mean emissivity for 
36 male participants, with error bars representing the systematic uncertainty. The 
emissivity from males was found to range from 0.18 to 0.68, with mean and standard 
deviation for all measurement locations being 0.401 and 0.0865 respectively.          
Table 4.5 shows the mean, the standard deviation, and the standard error in the mean 
for a sample of 36 male participants at six measurement locations:  
Location Mean emissivity 
(µ) 
Standard deviation 
()  
Standard error in 
the mean(/36) 
The palm of hand 0.451 0.0997 0.0166 
The back of hand 0.385 0.0844 0.0140 
The outer wrist 0.396 0.0606 0.0101 
The inner wrist 0.343 0.0639 0.0106 
The dorsal surface 0.449 0.0778 0.0129 
The volar side 0.381 0.0725 0.0121 
Table 4.5: Statistical analysis of the data for a sample of 36 male participants.  
The measurements in Figures (4.14, 4.15 and 4.16) show a similar trend to that of the 
females in terms of differences in the mean emissivity values between the thicker skin 
region and the thinner skin region. Statistical analysis on a sample of 36 male 
participants indicates that the mean differences in the emissivity values between the 
outer and the inner wrist, the palm of the hand and the back of the hand, and the dorsal 
and the volar regions are: 0.0529, 0.0658  and 0.0675 with a sample standard deviation 
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in the differences of 0.0345, 0.0531 and 0.0319 respectively. These differences are 
due to the skin thickness and the water content that varies with location and between 
individuals [71, 153]. The thinner skin regions with blood vessels closed to the skin 
surface makes the skin more reflective and this results in higher reflectance (R) and 
lower emissivity (η = 1 − R). The results obtained from the paired t-tests indicate 
significant differences in the mean emissivity values between the palm of the hand and 
the back of the hand (p-value=2.13x10-12), the outer and the inner wrist                              
(p-value=3.99x10-11), and the dorsal and the volar regions (p-value=1.91x10-14) since 
the p-values are much lower than the critical significance level of 0.05. 
 
Figure 4.14. Mean emissivity for the palm of the hand and the back of hand skin for a 
sample of 36 male participants. The participants’ ages are as follows: 1) 20, 2) 20, 3) 
21, 4) 22, 5) 22, 6) 22, 7) 23, 8) 23, 9) 23, 10) 24, 11) 24,  12) 25, 13) 26, 14) 26, 15) 
26, 16) 26, 17) 27, 18) 28, 19) 29, 20) 29, 21) 30, 22) 31, 23) 31, 24) 32, 25) 34, 26) 
35, 27) 37, 28) 37, 29) 40, 30) 40, 31) 42, 32) 42, 33) 45, 34) 52, 35) 58 , 36) 67. 
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Figure 4.15: Mean emissivity for the outer wrist and the inner wrist skin for a sample 
of 36 male participants. The participants’ ages are identified in Figure 4.14. 
 
Figure 4.16: Mean emissivity for the dorsal surface and the volar side skin for a sample 
of 36 male participants. The participants’ ages are identified in Figure 4.14. 
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 4.5.8.3 Comparison in Emissivity between Male and Female Participants  
Measurements of human skin emissivity of 36 male and 24 female participants are 
presented in Table 4.6. The measurements show that the mean emissivity of male 
participants is higher than that of the females overall measurement locations. 
Estimating the sample mean emissivity values for the 36 males and the 24 females 
separately for all measurement locations indicates that the difference between male 
and female emissivity is ~0.02. This finding is consistent with the skin of males being 
thicker than that of females for all ages [150, 151, 152]. Although the sample mean of 
the emissivity values of the male participants are higher by 0.02 than those of the 
female participants. However, the results obtained from the unpaired t-test indicate 
that these differences are insignificant since the p-value (0.488) is greater than the 
critical significance level of 0.05. 
Location Mean Emissivity          
Males 
SD Males 
() 
Mean Emissivity         
Females 
SD Females 
() 
Palm of hand 0.451 0.0997 0.430 0.0951 
Back of hand 0.385 0.0844 0.371 0.0865 
Outer wrist 0.396 0.0606 0.378 0.0654 
Inner wrist 0.343 0.0639 0.313 0.0620 
Dorsal surface 0.449 0.0778 0.438 0.0659 
Volar side 0.381 0.0725 0.365 0.0549 
Table 4.6: Statistical analysis of the data for male and female participants.  
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4.5.8.4 Skin Emissivity for Participants Having Normal and High Body Mass 
Index  
Human skin becomes thicker with increasing the body mass index (BMI) for both 
genders at any age [155], so variability in the emissivity of the skin from suitably 
selected participants was investigated. The measurements were performed on 20 
participants (10 males and 10 females) having normal and high body mass index. For 
the purpose of this study, participants with BMI ranging between (18.5-24.9) kg/m2 
were classified as having normal BMI, whereas participants with BMI ranging 
between (25.0-29.9) kg/m2 were classified as having high BMI [160]. The 
measurements of the mean emissivity values of males with high and normal BMI are 
shown in Figure 4.17, with similar plots for females shown in Figure 4.18, with the 
corresponding values of the standard deviations shown in Tables (4.7 and 4.8).  
Figure 4.17: Mean emissivity for a sample of 10 male participants having normal and 
high body mass index on: 1) the palm of the hand, 2) the back of the hand, 3) the inner 
wrist, 4) the outer wrist, 5) the volar side, and 6) the dorsal surface of the forearm.   
119 
 
The measurements in Figure 4.17 indicate that males with high BMI have on average 
an emissivity ~0.0981 higher than those with normal BMI, with differences in the 
mean emissivity values across the different locations varying from ~0.05 to ~0.15. 
These differences are consistent with the fact that human skin is getting thicker with 
increasing the BMI [155], a consequence of this being that blood vessels are further 
from the surface of the skin. The results obtained from the unpaired t-tests indicate 
that these differences are significant for the palm of the hand (p-value=0.0017), the 
back of the hand (p-value=0.0322), and the inner wrist (p-value=0.0047) locations 
since the p-values are lower than the critical significance level of 0.05. However, the 
mean differences in emissivity values are insignificant for the outer wrist (p-
value=0.062), the dorsal surface (p-value=0.365), and the volar side (p-value=0.102) 
regions as the p-values are higher than the critical significance level of 0.05. 
Location Standard deviation for 
males with normal BMI 
Standard deviation for  
males with high BMI 
The palm of the hand ±0.039 ±0.049 
The back of the hand ±0.043 ±0.069 
The inner wrist ±0.028 ±0.046 
The outer wrist ±0.0136 ±0.064 
The volar side of forearm ±0.0567 ±0.077 
The dorsal surface ±0.078 ±0.067 
Table 4.7: The standard deviation for a sample of 10 male participants having normal 
and high body mass index. 
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Figure 4.18: Mean emissivity for a sample of 10 female participants having normal 
and high body mass index at six locations identified in Figure 4.17. 
The measurements in Figure 4.18 indicate that females with high BMI have on average 
an emissivity ~0.095 higher than those with normal BMI, with differences in the mean 
emissivity values across the different arm locations varying from ~0.06 to ~0.14, a 
result similar to the male group. However, the measurements of male emissivity 
indicate a larger scatter, this being 0.29 and 0.553 for those of normal and high BMI 
respectively. The corresponding scatters in the female group are 0.29 and 0.47 for 
normal and high BMI of the individuals. As with previous measurements, these also 
indicate that the emissivity of males is ~0.038 higher than those of females. The results 
obtained from the unpaired t-test indicate that the differences in the mean emissivity 
values between male and female groups are insignificant since the p-value (0.191) is 
greater than the critical significance level of 0.05. 
121 
 
The results obtained from the unpaired t-tests for female participants having normal 
and high body mass index at six locations indicate that the differences in the mean 
emissivity values between the two groups are significant for the back of the hand                            
(p-value=0.005) and the volar side of the forearm locations (p-value=0.002) since the 
p-values for these locations are lower than the critical significance level of 0.05. 
However, these differences are insignificant for the palm of the hand (p-value=0.095), 
the outer wrist (p-value=0.082), the inner wrist (p-value=0.397), and the dorsal surface                           
(p-value=0.079) regions as the p-values for these regions are higher than the critical 
significance level of 0.05. 
Location Standard deviation for 
females with normal BMI 
Standard deviation for  
females with high BMI 
The palm of the hand ±0.015 ±0.054 
The back of the hand ±0.025 ±0.052 
The inner wrist ±0.005 ±0.008 
The outer wrist ±0.02 ±0.021 
The volar side  ±0.005 ±0.027 
The dorsal surface ±0.045 ±0.042 
Table 4.8: Standard deviation for a sample of 10 female participants having normal 
and high BMI. 
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4.5.8.5 Skin Emissivity for Participants Having Asian and European Ethnicities  
The measurements presented in this section are from 48 participants having two 
different ethnicities; European (UK) and Asian (Middle Eastern) from both genders 
(24 male (12 European and 12 Asian), and 24 female (12 European and 12 Asian). 
The measurements in Figures (4.19 and 4.20) represents the mean emissivity for male 
and female groups with error bars representing the systematic uncertainty.  
Figure 4.19:  Mean emissivity of 24 male participants having Asian and European 
ethnicities at six measurement locations identified in Figure 4.17. 
The measurements in Figure 4.19 indicate that the mean emissivity for the sample of 
Asian males is lower than that of European males at all measurement locations. The 
mean values of the differences in emissivity between Asian and European males were 
calculated to be ~0.04 for the inner wrist and the outer wrist locations, ~0.085 for the 
palm of the hand, the back of the hand and the volar side locations, and ~0.11 for the 
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dorsal surface location. These differences are likely to arise due to Asian skin being 
thinner than that of European skin and the hydration levels and the water contents of 
the Asian skin being higher than that of European skin [161, 162, 163]. This makes 
Asian skin more reflective compared to European skin and as a result the mean 
emissivity of Asian participants is lower than that of European participants at all 
measurement locations. The results obtained from the unpaired t-tests indicate that 
these differences are significant for the palm of the hand (p-value=0.0255), the back 
of the hand (p-value=0.0015), the volar side (p-value=0.006), and the dorsal surface 
(p-value=0.00025) locations as the p-values for these locations are lower than the 
critical significance level of 0.05. However, these differences are insignificant for the 
outer wrist (p-value=0.105) and the inner wrist (p-value=0.0899) regions as the             
p-values are higher than the critical significance level of 0.05.The standard deviations 
for Asian and European male participants are summarised in Table 4.9 as follows: 
Location Standard deviation for 
Asian males 
Standard deviation for  
European males  
The palm of the hand ±0.081 ±0.080 
The back of the hand ±0.089 ±0.073 
The inner wrist ±0.047 ±0.074 
The outer wrist ±0.054 ±0.064 
The volar side  ±0.041 ±0.081 
The dorsal surface  ±0.051 ±0.068 
Table 4.9: Standard deviation for Asian and European males at six locations. 
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Figure 4.20:  Mean emissivity of 24 female participants having Asian and European 
ethnicities at six measurement locations identified in Figure 4.17. 
The measurements in Figure 4.20 indicate that there are differences in the mean 
emissivity values of the skin between the Asian and the European female samples, the 
measurements showing a similar trend to that of the males. However, the mean 
differences in the emissivity values between the two female groups were calculated to 
be in the range of 0.014 to 0.038 for all measurement locations. These differences are 
lower than that of the male groups. The results obtained from the unpaired t-tests for 
female participants having Asian and the European ethnicities at six locations indicate 
that the differences in mean emissivity values between the two groups are insignificant 
since the p-values for the palm of the hand (0.497), the back of the hand (0.492), the 
inner wrist (0.193), the outer wrist (0.502), the volar side of the forearm (0.599), and 
the dorsal surface (0.209) regions are higher than the critical significance level of 0.05.  
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The standard deviation for Asian and European female groups is calculated and 
summarised in Table 4.10.    
Location Standard deviation for 
Asian females 
Standard deviation for 
European females 
The palm of the hand ±0.072 ±0.103 
The back of the hand ±0.065 ±0.097 
The inner wrist ±0.054 ±0.065 
The outer wrist ±0.045 ±0.048 
The volar side  ±0.053 ±0.054 
The dorsal surface  ±0.050 ±0.060 
Table 4.10: Standard deviation for Asian and European females at six locations. 
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4.5.8.6 Emissivity of Male and Female Skin in Dry and Wet State  
This experiment investigates the ability of the radiometer to identify and sense water 
(H2O) on the skin surface and to distinguish between normal skin and skin saturated 
with water. Wet skin in this experiment describes skin which has been saturated with 
water but contains no surface water. It is a known fact that the electromagnetic 
properties of water dominate the electromagnetic properties of the skin over the MMW 
bands [21, 25, 26, 55, 122]. Therefore, measurements were made to quantify this 
statement at 90 GHz. The measurements were applied on 16 participants (10 males 
and 6 females) and on two measurement locations; the palm of the hand and the back 
of the hand skin. Firstly, emissivity measurements of normal clean skin on the palm 
and the back of the hand were made. Then these areas of the skin were covered with 
water, and the methodology of measuring the emissivity of wet skin are summarised 
as follows:  
 The target area of the skin was placed in a bowl of water for one minute.  
 The hand was located on a flat surface (table) with the measurement location 
facing upwards; to avoid water dropping for a period of 2-4 minutes until the 
water is absorbed.  
 The wet skin was wiped using clean and dry wipes. 
 The measurements were made and repeated five times directly; to obtain a 
mean value.  
The mean emissivity values of the palm of the hand and the back of the hand skin 
before and after the application of water for males and females are illustrated in                 
Figures (4.21 and 4.22) respectively, with the corresponding statistical analysis overall 
measurement location is shown in Tables (4.11 and 4.12).       
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Figure 4.21: Mean emissivity for a sample of 10 male participants before and after the 
application of water. 
The measurements for a sample of 10 male participants in Figure 4.21 indicate that 
the mean emissivity values for the palm of the hand skin and the back of the hand skin 
after the application of water are significantly lower than the mean emissivity of the 
skin in a normal state for the two measurements locations. Statistical analysis of the 
data indicates that the mean difference in emissivity for the palm of the hand skin 
before and after moistening with water is ~0.148 with a sample standard deviation in 
the differences of ~0.0776. The mean difference in the emissivity for the back of the 
hand skin before and after adding water is ~0.056 with a standard deviation in the 
differences of ~0.047. It is reasonable to assume that these differences are due to the 
water that increases the hydration level of the skin; this increases the reflectance of the 
skin [164], and as a result the emissivity of the skin becomes lower.  
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The results obtained from the paired t-tests indicate that the differences in the mean 
emissivity values between the normal and the wet palm of the hand (p-value = 0.0033), 
and the normal and the wet back of the hand skin (p-value = 0.006) are significant 
since the p-values for these locations are lower than the critical significance level 
of 0.05. 
Location Mean emissivity     
(µ) 
Standard deviation   
() 
Standard error in 
the mean(/10) 
Dry palm of hand 0.53 0.0946 0.0299 
Dry back of hand 0.464 0.0749 0.0237 
Wet palm of hand 0.382 0.1037 0.0328 
Wet back of hand 0.408 0.0898 0.0284 
Table 4.11: Statistical analysis of the dry and the wet skin for a sample of 10 males. 
Location Mean emissivity 
(µ)  
Standard deviation 
()  
Standard error in 
the mean(/6) 
Dry palm of hand 0.478 0.0308 0.0126 
Dry back of hand 0.435 0.0461 0.0188 
Wet palm of hand 0.350 0.0516 0.0211 
Wet back of hand 0.352 0.0682 0.0278 
Table 4.12: Statistical analysis of the dry and the wet skin for a sample of 6 females. 
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Figure 4.22: Mean emissivity for a sample of 6 female participants before and after 
the application of water. 
The measurements for a sample of 6 female participants in Figure 4.22, show that the 
mean emissivity for the palm of the hand skin and the back of the hand skin after 
moistening with water is lower than that of the palm of the hand and the back of the 
hand skin before adding water by mean values of 0.128 and 0.0833 and standard 
deviations of the differences of 0.04 and 0.039 respectively. The differences between 
the wet and the normal palm of hand skin are more significant than that of the back of 
the hand skin for both males and females participants, and this is due to thick stratum 
corneum (SC) layer that can retain water and make the hydration level for the palm of 
the hand skin significantly higher in a wet state compared with a normal state [164]. 
The results obtained from the paired t-tests confirm that these differences are 
significant since the p-values (0.0026 and 0.0049 for the palm of the hand and the back 
of the hand skin before and after the application of water respectively) are lower than 
the critical significance level of 0.05. 
130 
 
4.5.9 Second Group of Healthy Participants Experimental Results  
The objective of this experiment is to study how the emissivity of the human skin 
varies with age for both gender. For this purpose, a new sample of 60 healthy 
participants (second group); 35 males and 25 females with ages ranging from 20 to 60 
years were recruited and measured [126]. For the purpose of this experiment, 
participants were divided into four age groups:  20-30, 30-40, 40-50, and 50-60 years. 
There were 5-10 subjects in each age group and the measurements were conducted at 
four locations: 1) the dorsal surface of the forearm, 2) the volar side of the forearm, 3) 
the outer wrist, and 4) the inner wrist.  The emissivity of the human skin was measured 
experimentally using the calibrated radiometer of Figure 4.8 and Equation (4.18). In 
this experiment, the measurements were performed over the band 80 GHz to 100 GHz 
on the second group of healthy participants. 
4.5.9.1 Male Emissivity Measurements for Different Age Groups 
The measurements in Figures (4.23 and 4.24) represent the mean emissivity values for 
the male age groups, with error bars representing the standard error in the mean (SEM). 
The measurements show significant and consistent variations in emissivity at different 
locations of the hand for different age groups. Emissivity for dorsal surface and outer 
wrist locations are higher than that of volar side and inner wrist locations. The results 
also suggest two age-related trends: 1) a possible slight decrease in the mean emissivity 
values in the age groups between 20-40 years. This decrease is consistent with the fact 
that male skin thickness decreases gradually with the age [154, 165], and 2) an increase 
in the mean emissivity values in the age groups between 40-60 years. This increase is 
consistent with the fact that water content and skin hydration level decrease with the 
age [156, 166] and this makes aged skin drier compared with young skin [165].  
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Figure 4.23: Mean emissivity values for the dorsal surface and the volar side skin for 
a sample of 35 male participants. 
The statistical analysis of the male samples in Figure 4.23 indicates that the sample 
mean of the differences in the mean emissivity values between the dorsal and the volar 
side of the forearm is 0.0675 with a sample standard deviation in the differences of 
0.0319. These differences are significant as the p-value (0.00087) obtained from the 
paired t-test is lower than the critical significance level of 0.05. 
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Figure 4.24: Mean emissivity values for the outer wrist and the inner wrist skin for a 
sample of 35 male participants. 
The statistical analysis of the male samples in Figure 4.24 indicates that the sample 
mean of the differences in the mean emissivity values between the inner and the outer 
wrist is 0.0535 with a sample standard deviation in the differences of 0.0336. These 
differences are significant as the p-value (0.0013) obtained from the paired t-test is 
lower than the critical significance level of 0.05. These results indicating a very 
consistent difference between the emissivity of different locations on the arm.  
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4.5.9.2 Female Emissivity Measurements for Different Age Groups 
The measurements in Figures (4.25 and 4.26) show that the mean emissivity of the 
dorsal surface skin and the outer wrist skin are higher than that of the volar side and the 
inner wrist skin for all female groups. The measurements also suggest two age-related 
trends: 1) relatively unchanged mean emissivity values in the age groups 20-50 years 
with a slight increase in the dorsal surface skin emissivity, and 2) significant decreases 
in the mean emissivity values in the age group 50-60 years. These trends are consistent 
with the fact that females skin maintain the same thickness up to the age of 50 and then 
beyond this the skin thickness gets significantly thinner, probably due to decreased 
oestrogen levels after menopause [165]. 
Figure 4.25: Mean emissivity values for the dorsal surface and the volar side skin for 
a sample of 25 female participants. 
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The statistical analysis of the female sample in Figure 4.25 indicates that the sample 
mean of the differences in the mean emissivity values between the dorsal surface and 
the volar side locations is 0.0678 with a sample standard deviation in the differences of 
0.0439. These differences are significant as the p-value (0.011) obtained from the 
paired t-test is lower than the critical significance level of 0.05. 
 
Figure 4.26: Mean emissivity values for the outer wrist and the inner wrist skin for a 
sample of 25 female participants. 
The statistical analysis of the data in Figure 4.26 indicates that the sample mean of the 
differences in the mean emissivity values between the inner and the outer wrist location 
is 0.0645 with a standard deviation in the differences of 0.0387. These differences are 
significant as the p-value (0.0003) obtained from the paired t-test is lower than the 
critical significance level of 0.05. 
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4.5.10 Discussion  
A radiometer effective over the frequency band 80-100 GHz has been investigated and 
characterised for measuring the human skin emissivity of two samples of healthy 
participants. The system was calibrated absolutely using liquid Nitrogen and ambient 
temperature sources. These measurements were used to characterise self-emission and 
MMW radiation from a metal plate and fluorescent lights. The mean level of the self-
emission reflected back from a metal plate was typically ±1.0 K above the background. 
MMW emission emitted from a fluorescent light was found to increase the radiation 
temperature of the radiometer in the range of 62.0 K to 74.0 K with a standard 
deviation of ±4.0 K.  
Radiometric measurements made on the first group of 60 healthy participants over the 
80 GHz to100 GHz band indicate that there is a scatter in emissivity measurements 
over a range 0.17 to 0.68, and this is much greater than the experimental measurement 
uncertainty of 0.005. The measurements show that the levels of thermal emission 
(emissivity and reflectance) varies consistently over different regions of the hand and 
forearm, with age, gender, ethnicity, body mass index, and hydration level of the skin.  
In general, the lower values of the mean emissivity are a result of measuring 
particularly thin skin on the inner wrist, the volar side and the back of the hand, 
whereas the higher values of the mean emissivity are results of measuring thick skin 
on the outer wrist, the dorsal surface and the palm of the hand. The measurements also 
show variation in emissivity from person to person, and at different locations on the 
hand. These variations are due to the differing water content and skin thicknesses of 
the participants. Calculating the sample mean emissivity values for the 36 males and 
24 females separately for all measurement locations indicates that the mean difference 
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between male and female emissivity is ~0.02. This finding is consistent with the skin 
of males being thicker than that of females [150, 151, 152].  
Measurements of a sample of 36 male participants indicate that the mean differences 
in the emissivity values between the palm of the hand and the back of the hand, the 
dorsal and the volar regions of the forearm, and the inner and the outer wrist locations 
are: 0.0658, 0.0675 and 0.0529 with a sample standard deviation in the differences of 
0.0531, 0.0319 and 0.0345  respectively. For a sample of 24 female participants, the 
sample mean of the differences in the emissivity values between the thinner and the 
thicker skin regions were found to be: 0.0589, 0.0729 and 0.0646 respectively with a 
standard deviation in the differences of 0.0375, 0.0449, and 0.0394. These 
measurements indicate significant differences in the mean emissivity values between 
the thinner and the thicker skin regions.  
Measurements of a sample of 20 healthy participants from both genders having normal 
and high body mass index show that male and female groups with high BMI have 
higher mean emissivity values at all measurement locations compared with those 
having normal BMI. The mean differences in the emissivity values between the two 
male groups are calculated to be in the range of 0.05 to 0.15 for all measurement 
locations, these differences are also similar between the two females group. These 
measurements confirm a strong correlation between the human skin emissivity and the 
BMI, the latter being directly proportional to the skin thickness [155].  
Measurements of the mean emissivity of a sample of 24 male participants having 
Asian and European ethnicities show that the mean emissivity of male participants 
having Asian ethnicity is lower than that of male participants having European 
ethnicity overall measurement locations. The mean differences in emissivity values 
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between Asian and European male participants were calculated to be in the range of 
0.04 to 0.11. These differences are likely to be due to higher hydration level and 
thinner skin of Asian male participants [161, 162, 163].    
Measurements of the mean emissivity of a sample of 24 female participants having 
Asian and European ethnicities show that the mean emissivity of female participants 
having Asian ethnicity is lower than that of female participants having European 
ethnicity overall measurement locations. The mean differences in emissivity values 
between Asian and European female participants were calculated to be in the range of 
0.014 to 0.038. Again, it is likely that these differences are due to thinner skin and 
higher hydration levels of female participants having Asian ethnicity compared with 
Europeans [161, 162, 163]. 
Measurements of a sample of 16 participants (10 males and 6 females) indicate that 
the mean differences in the emissivity values between the normal and wet palm of 
hand, and normal and wet back of hand skin are 0.141, and 0.067 with a sample 
standard deviation in the differences of 0.066, and 0.046 respectively. This indicates 
a strong correlation between the human skin emissivity and the hydration level of the 
skin. The differences between the wet and the normal palm of hand skin are more 
significant than that of the back of hand skin, and this is due to the thick SC layer that 
can retain water and make the hydration level for the palm of hand skin significantly 
higher in a wet state compared with a normal state [164]. These results confirm that 
radiometry can distinguish between normal healthy skin and wet skin in tens of 
seconds in non-contact with the human body. 
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Measurements obtained from the second group of 60 healthy participants suggest a 
trend in the mean emissivity values with age and gender, which might be due to 
variations of skin thickness, water content, and blood circulation, these factors having 
some dependency on the age, the gender, and the state of health of the participants. An 
overview of the statistical analysis of the human skin measured emissivity obtained 
from the first group of 60 healthy participants are summarises in Table 4.13.  
Locations or group Differences in emissivity 
±SD males participants 
Differences in emissivity  
±SD females participants 
Palm and back of the hand 0.0658±0.0531 0.0589±0.0375 
Inner and outer wrist  0.0529±0.0345 0.0646±0.0394 
Dorsal and volar side  0.0675±0.0319 0.0729±0.0449 
 Dry and wet palm of hand                              
Dry and wet back of hand 
0.148±0.0776      
0.056±0.047 
0.128±0.04       
0.0833±0.039 
Normal and high BMI Differences: 0.05-0.15       
SD normal BMI:±0.0704                         
SD high BMI: ±0.0797                        
For all six locations 
Differences: 0.06 to 0.14  
SD normal BMI:±0.0446                         
SD high BMI: ±0.0549                         
For all six locations 
Asian and European 
participants 
Differences: 0.04-0.11        
SD for Asian: ±0.0726       
SD for European: ±0.098  
For all locations  
Differences: 0.014-0.038  
SD for Asian: ±0.0723      
SD for European:±0.0875      
For all locations 
Table 4.13: An overview of the statistical analysis of the human skin emissivity.  
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4.6 Conclusions  
Radiometric measurements made on a sample of 30 healthy participants at 95 GHz 
show that the mean emissivity values of males are higher than that of females by 
0.0464. The results obtained from the unpaired t-test indicate that these differences are 
insignificant since the p-value (0.2433) is greater than the critical significance level 
of 0.05. This is due to the small number of human subjects that involved in this study. 
Measurements of human skin emissivity of a sample of 60 healthy participants (36 
males and 24 females) over the frequency band 80-100 GHz show that the mean 
emissivity of males skin is higher than that of females by ~0.02. This difference is 
insignificant since the p-value (0.488) obtained from the unpaired t-test is greater than 
the critical significance level of 0.05. The measurements also show the emissivity of 
thick layers of skin in the human hand and forearm, such as the palm of the hand, the 
outer wrist and the dorsal surface of the forearm is significantly higher (as obtained 
from the paired t-tests) than those of the back of the hand, the inner wrist and the volar 
side of the forearm for both genders.  
The results obtained from radiometric measurements presented and discussed in this 
chapter (from samples of 30 healthy participants, the first group of 60 healthy 
participants, and the second group of 60 healthy participants) show the quantitative 
variations in the skin emissivity between locations, gender, individuals, body mass 
index, different age groups, and ethnicity. The study reveals that these variations are 
related to the skin thickness, water content, and hydration level of the skin. These 
measurements indicate that the emissivity of the human skin in the MMW band is rich 
in information, a capability that may enable radiometry to be used as a non-contact 
technique to detect and monitor skin conditions.  
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4.7 Possible New Applications Highlighted by this Research 
The main advantages of the technique presented in this chapter are: 1) human skin 
signatures (emissivity) can be measured without exposing the human body to any type 
of artificial or man-made radiation, 2) radiometric sensitivity is sufficient to identify 
surfaces attached to the human skin such as liquid, metallic and non-metallic objects. 
Furthermore, materials intentionally attached to the skin, having dielectric properties 
identical with the human skin will be identified by their differential radiation 
temperatures, something which an active system cannot achieve, 3) the measurements 
can be made in  tens of seconds using a non-contact sensor with high precision, and 4) 
the system is free from artefacts of speckle effects and multipath problems since 
spatially incoherent emission is used [167, 168]. These properties make radiometry 
good technique to be used for the purposes of medical applications and security 
screening portals.  
4.7.1 Radiometry in Medical Applications   
The measurements presented in this chapter show a strong correlation between the 
skin emissivity, thickness and the water content. As an imaging sensor, radiometry 
can deliver spatial resolutions down to around half of the wavelength of the radiation 
used, which can be ~1.0 mm for the MMW band (Abbes’ microscope resolution limit) 
[169, 170]. This property enables highly localized, non-contact measurements to be 
made just below the skin surface. This indicates that radiometry could be used as a 
non-contact viable technique to detect and monitor skin disease or damage, where the 
disease or the damage alters the water content or the skin thickness. It may 
complement established methods on the optical band that have difficulty in measuring 
the dermis and the ultrasound techniques which measure different physical properties 
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in the skin. Developing this goes part way to satisfying the recommendations of the 
Engineering and Physical Sciences Research Council (EPSRC) funded Teranet 
programme which would like to see greater penetration capabilities of terahertz 
technologies into the skin for medical applications [171]. These findings are consistent 
with the simulation results of the half space electromagnetics model [124]. 
4.7.2 Skin Signature in Security Screening              
Variation in the mean emissivity values presented in this chapter opens a new window 
of research in security screening, this being the identification of boundaries and limits 
for the emissive and the reflective properties of different parts of the human body, as 
a means to anomaly identification [172]. The implications of having model 
emissivities for different regions of the human body and different genders, ethnicities 
and age groups, is that security screening of persons can become more of an automated 
process. As radiometry is used in the estimation of emissivity, any attempts at 
deception, by substituting a human skin surrogate over the body will be recognised as 
it will not fit the expected characteristics. This is because the emissivity is derived 
from the amount of radiation emitted by the body, not just from its reflection 
properties. This means skin surrogates will be recognised even if they have exactly the 
same electrical properties as human skin. An active (coherent wave) illumination 
system will not have this capability, as it measures reflectivity directly. In a walk-
through portal screening system, a machine would process in a matter of seconds the 
radiometric measured emissivity from all regions of the human body together with a 
profile of the individual derived from gender, age and ethnicity. This will increase the 
detection probabilities and reduce the false alarm rates in security screening portals, a 
capability that is being demanded internationally by governments and in the UK by 
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the Home Office Future Aviation Security Solutions (FASS) programme and the Joint 
Security and Resilience Centre (JSaRC) [173].  
The following chapter discusses the feasibility of using radiometry as a non-contact 
technique for detecting the signature of the burn of the porcine skin samples with and 
without dressing materials and before and after the application of localised heat 
treatments. 
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Chapter 5 
Passive Millimetre Wave Sensing Through Dressing 
Materials Using Porcine Skin Samples  
This chapter presents the development of an experimental setup for measuring the 
emissivity of porcine skin samples over the band (80-100) GHz. The measurements 
were conducted on samples with and without dressing materials and before and after 
the application of localised heat treatments. Different methodologies were developed 
and applied on fresh porcine skin samples. The experimental results reveal that 
radiometry is capable of detecting burns under dressing materials without their 
removal.  
5.1 Introduction  
In England and Wales, around 13 000 patients with burn injuries are admitted to burn 
services department annually [174]. According to 2003-2011 statistics, males 
accounted for 63% of those patients whereas females 37% with a total in-hospital 
mortality of ~1.51% [174]. The severity of the burn can range from minor (erythema 
or redness) to extremely severe (full thickness). This characterised by the extent of the 
skin affected, the depth of damage, the age of the patient, the anatomical site, and the 
presence of disorders [96, 174]. Burn is classified by depth into; first degree, second 
degree, third degree, and fourth degree [175]; as discussed in chapter 2 (section 
2.15.5).   
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Burn wound requires treatment for the purposes of preventing fluid and protein loss, 
reducing the risk of infection, and preventing the hypothermia [176, 177]. Wound 
healing is a complex dynamic process of tissue regeneration and growing that requires 
a good environment to heal successfully [178]. Dressing materials are used in the 
treatments of burn wound since 1) it absorbs the exudates, 2) it provides a barrier 
against bacteria and organism that causes infection and prolong the period of healing, 
3) it maintains appropriate temperature and moist environment, 4) it allows gas 
exchange between the environment and the wound site and 5) it enhances the blood 
flow. Visual inspection is the current protocol for monitoring the burn wound healing 
progress [175, 179, 180]. This protocol gives an excellence indicator about the state 
of the wound and the healing progress, and more importantly, it can detect signs of 
infections such as exudates, redness, swelling, heat, functionality of the infected part 
and pus draining [181]. However, visual inspection requires the removal of dressing 
layers. This practice consumes time, money, and it is definitely uncomfortable and 
painful to the patient especially in the cases where the dressing materials are being 
moistened and become adherent to the wound bed [3, 178]. 
Although many signs can help the experienced burn surgeon to identify the depth of 
the burn, making a distinction between the second and the third degree burns visually 
is a difficult task. The accuracy of this assessment is around 64% to 76% [182, 183]and 
it can fall to 50% if the burn is assessed by inexperienced surgeons [182, 184]. False 
assessments of burn depth prolong the time required for burn wound to heal and make 
the patient faces unnecessary surgery [182]. Therefore, many techniques have been 
developed for assessing the wound healing progress and the degree of the burn such 
as the optical coherence tomography  [96, 185, 186, 187], the thermography (including 
the active dynamics thermography and the infrared thermography) [188, 189, 190, 
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191], and the ultrasound (including the pulse-echo ultrasound, the pulse-wave Doppler 
ultrasound, and the laser Doppler ultrasound) [120, 192, 193, 194]. Although some of 
the results obtained from these technologies are promising as discussed in chapter 2 
(section 2.16), none of these techniques can monitor the wound healing progress and 
the depth of the burn without the removal of the dressing materials. A technique that 
could penetrate dressings and identify the healing status of the burn wounds would be 
extremely beneficial to both patients and healthcare professionals. 
It is unethical to expose the human skin to a high temperature source that might 
damage or burns the skin. Therefore, an animal’s model in close mimic with the human 
skin is a more appropriate solution. Although ex vivo model of porcine skin might not 
be perfect as ex vivo tissue of animal can’t be full manner imitator of in vivo skin 
because of the absence of capillary blood flow. However, a standardisation of the 
method, passive sensing and imaging, for detecting burn wound and burn depth under 
dressing materials would be a great practical utility.  
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5.2 Selection of Porcine Skin and Ethical Approval   
A motivation for measuring the skin of pigs (porcine skin) is that it has structural and 
functional similarities to the human skin [176, 195]. Porcine and human skin have 
similar percentages of collagen and elastic fibers in their extracellular matrix [176]. 
The thickness of the epidermis layer for porcine skin varies depending on the location 
in the range of 30-140 μm, whereas the thickness of the epidermis layer for the human 
skin varies in the range of 50-120 μm [176, 196] . In addition, human and porcine skin 
have resemblances in elastic components [176], thermal sensitivity [197], type of 
keratins [198], vascularization [176], and stratum corneum thickness [198].  
In this research, 15 porcine skin samples were purchased from an abattoir and the 
measurements were conducted on these for a time of up to no longer than four hours 
after the slaughter. The samples were taken from pigs having ages ranging from six to 
eight months and average weights from 55 kg to 60 kg. The samples were taken from 
the back region of nine healthy animals. This region is chosen since it is free from hair 
follicle and sweat glands.  
The study was approved by the ethics committee of Manchester Metropolitan 
University (ethics reference no: SE1617114C). A copy of the ethical approval is 
attached in Appendix B.  
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5.3 Three Layer Model for Dressed Burn Wound  
A three-layer model has been constructed and developed to determine the emissivity 
of the dressed burn-damaged skin; in this model, the first layer is a semi-infinite layer 
of air, the second layer is a finite thickness dressing materials, and the third layer is a 
semi-infinite layer of skin, as illustrated in Figure 5.1. 
 
Figure 5.1: Three-layer model for dressed burn wound comprising of: a semi-infinite 
layer of air, finite thickness layer of dressing materials, and a semi-infinite layer of 
burn-damaged skin. 
In the model radiation from the surrounding environment, having a radiation 
temperature T0, illuminates the dressing materials, whilst radiometric emission from 
the skin having a physical temperature TS illuminates from the opposite direction. As 
the dressing material, at a physical temperature TD has finite absorption, these are also 
radiating. The radiation temperature of the sample (dressed burn-damaged skin) as 
measured by the radiometer can, therefore, be expressed [199] as: 
𝑇𝑏 = 𝑇0𝑅(1 − 𝑏) + 𝑇′𝑁𝑅𝑏 + 𝑇𝐷𝐴 + 𝑇𝑆η                                                                      (5.1) 
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Where  𝑇′𝑁, is the receiver noise intensity of the noise that is injecting to the antenna 
feeder from the input circuit of the first active element, R is the reflectance of the 
dressed skin, A is the absorptance of the dressing layer, and η is the emissivity of the 
skin.  The parameter b is the fraction of the total radiation blocked from being reflected 
from the sample by the antenna, the value of b depends upon the antenna and its 
proximity to the sample. Law of conservation of energy applied on the system gives 
[140]: 
1 = 𝑅 + 𝐴 + η                                                                                                                     (5.2) 
A wave-guide circulator was placed between the horn antenna and the receiver and 
this makes, 𝑇′𝑁 = 𝑇0. For a very low loss dressing materials, A≈0, this means the 
radiation temperature of the sample in Equation (5.1) can be expressed in terms of the 
sample emissivity, the sample thermodynamic (or physical) temperature, and the 
background illumination radiation temperature as:  
𝑇𝑏 = (1 − 𝜂)𝑇0 + 𝑇𝑠𝜂                                                                                                        (5.3) 
Using Equation (5.3), the receiver output voltage (discussed in chapter 4, section 4.4.3) 
can be written in terms of the 3-layer system’s radiation temperature as:  
𝑉𝑠 =  α{𝑇0(1 − 𝜂) + 𝑇𝑠𝜂 + TN}                                                                                      (5.4) 
Where, TN is the receiver noise temperature in Kelvin. Using Equation (4.14) in 
chapter 4 (section 4.3.3).  The receiver noise temperature can be expressed in terms of 
the receiver responsivity α  and the hot load calibration parameters (VH and TH) as:  
α𝑇𝑁 = VH −αTH                                                                                                                 (5.5)   
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Using Equation (4.15) in chapter 4 (section 4.3.3) and Equations (5.4 and 5.5), and 
equating T0 to TC as the cold load is a foam absorber at ambient temperature; the 
emissivity of the sample becomes: 
η =
(Vs − VC)(TH − TC)
(VH − VC) (Ts − TC)
                                                                                                  (5.6) 
Where, Vs, VH, and VC are the voltage levels in Volts for the sample, the hot and the 
cold calibration loads respectively. Ts, TH, and TC are the thermodynamic temperature 
of the sample, and the hot and the cold calibration loads respectively in Kelvin.    
5.4 Experimental Work  
The objectives of the experimental work presented in this chapter are highlighted as 
follows: 
 To develop an experimental setup for measuring the emissivity of porcine skin 
samples. 
  To measure the transmission and the loss in different types of dressing 
materials samples that have different thicknesses and textiles. 
 To assess the feasibility of using the 90 GHz calibrated radiometer to obtain 
information about the signature of the skin under dressing materials in normal 
and burn-damaged states. 
 To assess the feasibility of using the 90 GHz calibrated radiometer as a non-
contract technique to distinguish between normal and burn-damaged skin with 
and without the presence of dressing materials. 
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The experimental work presented in this chapter is divided into three parts;                       
1) calibration measurements of the 90 GHz radiometer, 2) measurements of 
emissivity, transmission and loss for different types of dressing materials samples, and 
3) measurements of porcine skin emissivity before and after the applications of 
localised heat treatments with and without the presence of dressing materials.      
5.4.1 Experimental Description for Calibration and Dressing Materials  
A radiometer effective over the frequency band (80-100) GHz was calibrated and used 
for measuring the emissivity of the dressing materials; as illustrated in Figure 5.2, this 
radiometer is described in details in chapter 4 (section 4.5.4).  
 
Figure 5.2: Radiometric emission centred at 90 GHz is collected by a moveable horn 
antenna at positions: A to measure a hot calibration source (1) (carbon loaded foam 
absorber; type: Eccosorb AN-73) stabilized at a temperature ~ 54 oC using a digital 
hotplate (3) placed in a polystyrene foam bucket (4), B to measure the cold calibration 
source (2) (carbon loaded foam absorber; type: Eccosorb AN-73) in thermodynamic 
equilibrium with air temperature ~ 20 oC, and C to measure the emission from dressing 
materials samples (5).  
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All measurements presented in Figure 5.2 were made over a distance of ~5.0 cm from 
the horn antenna to minimize the chances of subjects touching the measurement 
apparatus. When the dressing materials are directly placed on the digital hotplate, the 
temperature of the sample becomes: 
𝑇𝑠 = 𝑇𝐻                                                                                                                                  (5.7) 
Using Equation (5.6) and equating TS to TH, the emissivity of the dressing materials 
alone becomes: 
η𝐷 =
(𝑉𝐷 − VC)
(VH − VC) 
                                                                                                                 (5.8) 
Where VD is the voltage level of the thermal radiation emitted from the dressing 
materials.  
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5.4.2 Experimental Setup for Porcine Skin Measurements   
The 90 GHz calibrated radiometer is used for measuring the mean emissivity values 
of the porcine skin samples before and after the applications of localised heat 
treatments. The samples were located over a digital hotplate and they were covered 
with dressing materials when it is required as illustrated in Figure 5.3.  
Figure 5.3: The experimental setup for the emissivity measurements of the porcine 
skin samples. A digital voltmeter is used to measure the output voltage level of the 
samples and a thermocouple and an infrared thermometer are used to measure the 
thermodynamic temperature of the samples. 
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The horn antenna was moved by hand to measure emission from the porcine skin 
samples in normal and burn damaged state with and without the presence of the 
dressing materials. The measurements were performed in an anechoic region, this 
achieved by surrounding the lab with a wall of carbon loaded absorbing foam as 
illustrated in Figure 5.4.  
Figure 5.4: A wall of carbon loaded absorbing foam (length 1200 mm x width 2400 
mm) surrounded the instrumentation. 
Fifteen fresh porcine skin samples were taken from the back regions of nine animals 
to be used in this research. In general, the samples have a rectangular shape and 
average dimensions (length=100 mm, width=80 mm, and thickness=5.0-10.0 mm); all 
samples were chosen to be free from the hair follicles. The samples were taken directly 
after the animal was slaughtered and before the skin is washed.  Figure 5.5 shows some 
of the samples that used in this research. 
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Figure 5.5: Samples of porcine skin used in the experimental work of this research. 
A digital hotplate (type: LED digital hotplate magnetic stirrer, manufacturer: SciQuip 
Ltd) with a temperature range of  280 oC was located inside a polystyrene foam bucket 
and used to heat the samples and to stabilise the skin surface temperature to ~37 oC as 
illustrated in Figure 5.6a. This temperature is chosen since it is closed to the in vivo 
surface temperature of the porcine skin ~35 oC [195, 200].  
155 
 
 
Figure 5.6: A digital hotplate used for heating and stabilising the surface temperature 
of the porcine skin samples (a) and a heat control device with (50 mm x 50 mm) metal 
plate used for performing burns on the porcine skin samples (b). 
A thermocouple and an infrared thermometer (type: N85FR, manufacturer: Maplin) 
with a temperature range -50 °C to +550 °C and resolution of 0.1oC were used to 
measure the skin surface temperature. A digital voltmeter (type: digital voltmeter, 
manufacturer: Keysight Technologies) with 0.1 mV step size was used to measure the 
voltage level of the thermal emission of the porcine skin samples.    
The heat control metal plate shown in Figure 5.6 b consists of a temperature controller, 
thermocouple, and a square metal plate (50 mm x 50 mm). During the experimental 
work, the device was used to apply a contact burn after the plate was heated in the 
range of 100 oC to 140 oC and placed on the skin surface with a constant pressure for 
different periods of time ranging from 10 seconds to 180 seconds. These periods were 
chosen to achieve different degrees of burn and different burn depths. Dressing 
materials (type: gauze burn dressing and light support bandage) were placed over the 
skin sample when it is required. 
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5.5 Methodologies Applied on Porcine Skin Samples  
This section discusses different methodologies developed and applied on porcine skin 
samples for measuring the emissivity of the skin before and after the applications of 
localised heat treatments with and without the presence of dressing materials.   
5.5.1 Methodology 1: Skin without Burns  
The samples were located over a digital hotplate and left to be heated and stabilised to 
37.0 oC. Then the calibrated radiometer of Figure 5.3 was used to measure the voltage 
level of the thermal emission emitted from the samples and a thermocouple and an 
infrared thermometer were used to measure the skin surface temperature. The 
measurements were repeated five times and processed using Equation (5.6).  
5.5.2 Methodology 2: Skin without Burns and with Dressing Materials  
The samples were located over a digital hotplate and left to be heated and stabilised to 
37.0 oC. Then dressing materials (4-layer Gauze burn bandage, and 1-layer light 
support bandage) were placed separately over the samples. After that, the calibrated 
radiometer of Figure 5.3 and an infrared thermometer were used to measure the 
voltage level and the thermodynamic temperature of the samples respectively. These 
measurements were repeated five times and processed using Equation (5.6). 
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5.5.3 Methodology 3: Skin after the Application of Water and Cream  
The samples were located over a digital hotplate and left to be heated and stabilised to 
37.0 oC. A thin layer of water was placed on the skin surface for a period of time 
ranging from 2.0 minutes to 4.0 minutes until the water is just absorbed (but not 
evaporated). Then emissivity measurements were conducted directly and quickly 
using the calibrated radiometer of Figure 5.3 and Equation (5.6).  
For the cream, a thin layer of different types of cream (uses in the treatments of burns 
and injuries such as Savlon, Sudocrem, and Flamazine) was placed on the skin surface 
for a period of time ranging from 2.0 minutes to 4.0 minutes until the cream is 
absorbed. Then emissivity measurements were conducted directly and quickly using 
the calibrated radiometer of Figure 5.3 and Equation (5.6).  
 5.5.4 Methodology 4: Skin with Burns  
The samples were located over the digital hotplate and left to be heated and stabilised 
to 37.0 oC. Then contact burns were applied using a heat control metal plate. The plate 
was heated to 140 oC and placed directly on the skin surface for a period of time 
ranging from 10 seconds to 180 seconds with a constant pressure. Then emissivity 
measurements for the burn-damaged skin were obtained and repeated five times using 
the calibrated radiometer of Figure 5.3 and Equation (5.6).  
Then dressing materials were placed over the burn-damaged skin and the emissivity 
of the sample was measured using the calibrated radiometer of Figure 5.3. 
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5.5.5 Methodology 5: Skin with Different Burn Depth  
The samples were located over the digital hotplate and left to be heated and stabilised 
to 37.0 oC. The emissivities of the samples were obtained using the calibrated 
radiometer. Then contact burns were applied using a heat control metal plate heated 
to 100 oC and placed directly on the skin surface for a different period of time; start 
from 10 seconds (first degree burn), then 60 seconds (second degree burn) and finally 
120 seconds (third degree burns). The emissivities of the samples after each 
application of localised heat treatments were obtained using the calibrated radiometer 
of Figure 5.3.  
5.6 Experimental Results  
The 90 GHz radiometer was calibrated and used to measure the emissivity of the 
dressing materials and the porcine skin samples. The calibration measurements 
(receiver noise temperature 453.0 K) are similar to that obtained using the ambient 
and the liquid Nitrogen calibration sources applied to the same radiometer in        
chapter 4 (section 4.5.5). This indicates that the radiometer has consistent and long-
term stable measurements.  
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5.6.1 Dressing Materials Measurements  
It is a known fact that MMW radiation is minimally attenuated by textiles used in 
clothing [3, 201]. This section investigates the transparency of the dressing materials 
used in the treatment of burn injuries, as there is little available information for these 
materials. The measurements were made over the band 80 GHz to 100 GHz using the 
calibrated radiometer of Figure 5.2 and Equation (5.8). The measurements were made 
on different types of samples having different thicknesses as illustrated in Table 5.1.  
Dressing materials were purchased from the pharmacy and they were dry and removed 
from protective packaging prior to the measurements. The measurements were 
repeated (5-10) times and they were conducted at ambient temperature of               ~ 
20 oC. The reflectance of the gauze burn bandage samples consist of 2 to 20 layers 
were assumed to be in the range of 0.05 to 0.1, whereas the reflectance of the light 
support bandage was assumed to be 0.05 [125].        
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Dressing materials  
Type 
Thickness 
 
Emissivity 
 
Transmission% Loss in dB 
10 log10(𝑇) 
White gauze burn 
bandage (20 layers) 
8-10 mm 
 
0.1 80 0.969 
 
White gauze burn 
bandage (4 layers ) 
1.0 mm 
 
0.05 90 0.458 
White gauze burn 
bandage (2 layers) 
< 1.0 mm 
 
0.02 93 0.315 
White gauze burn 
bandage (1 layer) 
<< 1.0 mm 
 
0.01 99 0.0436 
Light support cotton 
stretch bandage  type 
2  (1 layer) 
1.0 mm 
 
0.07 88 0.555 
 
Light support cotton 
stretch bandage type 2 
(2 layers) 
2.0 mm 
 
0.13 82 0.862 
Non-adherent wound 
dressing (Tefla)                   
(1 layer) 
<< 1.0 mm 0.01 99 0.0436 
Temporary wound 
dressing (Biobrane)  
(1 layer) 
<< 1.0 mm 0.01 99 0.0436 
Table 5.1: Measurements conducted on various types of dressing materials used in the 
treatment of burn wound. 
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The measurements in Table 5.1 indicate that dressing materials are highly transparent 
over the band (80-100) GHz. The measurements also indicate that the thickness of the 
bandage is an important factor to consider as increasing the thickness of the dressing 
materials is decreasing the transmission and increasing the loss and the emissivity of 
the sample as expected.  
5.6.2 Porcine Skin Measurements  
This section presents emissivity measurements made on porcine skin samples using 
the calibrated radiometer of Figure 5.3 and Equation (5.6). These measurements were 
obtained from two separate experiments over the band 80 GHz to 100 GHz.  
5.6.2.1 Experiment 1: Porcine Skin Measurements without Burns   
The objectives of this experiment are as follows: 
 To measure the mean emissivity values of porcine skin samples without burns.  
 To investigate the ability of the 90 GHz calibrated radiometer to penetrate 
dressing materials and provide information about the signature of the skin 
under dressing materials without the dressings removal. 
 To investigate the ability of the radiometer to sense variation in water content 
and hydration level of the skin by measuring the mean emissivity values of 
the samples before and after the application of water and cream.   
In this experiment, the mean emissivity values of the porcine skin samples were 
measured experimentally using methodology 1 described in section 5.5.1. The 
measurements were made on four fresh samples taken from the same animal.  The 
measurements were repeated five times on each sample. The mean and the standard 
deviation of the measurements are illustrated in Figure 5.7. 
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Figure 5.7: Mean emissivity values and standard deviation bars for porcine skin 
samples A, B, C, and D was taken from the back region of the same animal. 
The measurements in Figure 5.7 indicate that the mean emissivity value of the samples 
A, B, C, and D is ~0.52 with experimental measurements uncertainty of ±0.005. The 
standard deviations of the samples were calculated to be in the range of ~0.01 to ~0.02. 
It is reasonable to obtain the same mean emissivity value for all the samples as they 
were taken from the back region of the same animal.  
The capability of the 90 GHz calibrated radiometer to detect the signature of the 
porcine skin under dressing materials was investigated and measured using 
methodology 2 described in section 5.5.2. The methodology was applied on the 
samples A, B, C, and D.  The mean emissivity values of the samples were obtained 
before and after the dressing materials were placed as illustrated in Figure 5.8.  
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Figure 5.8: Mean emissivity values and standard deviation bars for porcine skin 
without and with dressing materials. The samples A, B, C, and D  represent skin 
without dressing materials, A1, B1, C1, and D1 represent skin with 4-layer gauze burn 
bandage, and A2, B2, C2, and D2 represent skin with a light support bandage. 
The measurements in Figure 5.8 indicate that the differences in the mean emissivity 
values between the undressed and the dressed samples are in the range of ~0.01 to 
~0.02 for all measured samples. These results confirm that the signature of the skin is 
seen through the 4-layer gauze burn bandage and the light support bandage as the mean 
emissivity values of the dressed samples are very close to that of undressed samples.  
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The mean emissivity values for porcine skin samples before and after the application 
of water and cream were investigated and measured experimentally using 
methodology 3 described in section 5.5.3.  The methodology was applied on samples 
A, B, C, and D as illustrated in Figure 5.9. 
 
Figure 5.9: Mean emissivity values and standard deviation bars for porcine skin 
samples before and after the application of water and cream. Samples A, B, C, and D 
represent normal skin, A3: represents skin with Sudocrem, B3: represents skin with 
Flamazine cream, C3: represents skin with Savlon cream, and D3: represents skin with 
water. 
 
 
165 
 
The measurements in Figure 5.9 indicate that there is a well define contrast in the mean 
emissivity values of the skin before and after the application of water and cream. The 
differences in the mean emissivity values of the skin before and after the application 
of cream and water are ranging from ~0.04 to ~0.19. The mean emissivity values of 
the porcine skin samples after the application of Savlon cream (that includes of 
Cetostearyl alcohol, liquid paraffin, perfume, and purified water) and Flamazine 
cream (that includes of Silver Sulfadiazine, cetyl alcohol, liquid paraffin, and purified 
water) are lower than that of Sudocream (that includes of purified water, liquid 
paraffin, and paraffin wax). These differences are due to the dielectric properties of 
the cream, the percentage of water content in the cream, the interaction of the porcine 
skin samples with different types of creams, and the ingredients that vary from cream 
to cream. These differences indicate that radiometric sensitivity is sufficient to sense 
and detect variation in the skin water content and hydration level.   
 
5.6.2.2 Experiment 2: Porcine Skin Measurements with Burns 
The objectives of this experiment are as follows: 
 To assess the feasibility of using the 90 GHz calibrated radiometry to 
distinguish between the signature of the skin before and after the application 
of localised heat treatments (unburned and burn-damaged skin).  
 To assess the feasibility of using the 90 GHz calibrated radiometer to detect 
the signature of the burn under dressing materials. 
 To assess the feasibility of using the 90 GHz calibrated radiometer to predict 
the degree of the burn (or the burn depth). 
The signature of burn-damaged skin after the application of localised heat treatments 
was measured experimentally using methodology 4 described in section 5.5.4. The 
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methodology was applied on four samples X, Y, Z, and W. These samples were taken 
from the back region of the same animal. The measurements were conducted before 
and after the dressings were applied on the samples. The measurements were repeated 
five times and the mean emissivity values were obtained as illustrated in Figure 5.10. 
Figure 5.10: Mean emissivity values and standard deviation bars for porcine skin 
samples (obtained from the same animal) before and after the application of localised 
heat treatment. Samples X, Y, Z, and W represent normal skin.  X1 represents skin 
with burns after 10 seconds of heat treatment, Y1 represent skin with burns after 60 
seconds of heat treatment.  Z1 represents skin with burns after 120 seconds of heat 
treatment, and W1 represents skin with burns after 180 seconds of heat treatment. X2, 
Y2, Z2, and W2 represent skin with burns and dressing (6-layer gauze burn dressing). 
X3, Y3, Z3, and W3 represent skin with burns and 1-layer light support bandage.  
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The measurements in Figure 5.10 indicate that the differences in the mean emissivity 
values between the unburned and the burned skin are: 0.044, 0.084, 0.184, and 0.264 
for samples X, Y, Z, and W respectively. These differences confirm that there is a 
clear signature for the burn that can be detected using radiometry. The measurements 
also show that the signature of the burn is observed through the 6-layer gauze burn 
bandage and the light support bandage, as the mean emissivity values of the dressed 
burn are slightly higher than the undressed burn in the range of ~0.01 to 0.02. The 
measurements also indicate that there is a direct proportionality between the mean 
emissivity values of the burn-damaged skin and the period of time for the localised 
heat treatment as it is significantly increased the burn depth.  
 It is a well-known fact that the depth of the burn is proportional to the length of time 
of the localised heating [200, 202]. The capability of the 90 GHz calibrated radiometer 
to distinguish between different burns depths was investigated using methodology 5 
described in section 5.5.5. The methodology was applied on seven different samples 
taken from the back region of seven different animals. Different applications of heat 
treatments were applied on the same samples and the mean emissivity values of the 
samples were measured before and after different applications of heat treatments as 
shown in Figures (5.11, 5.12 and 5.13).     
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Figure 5.11: Mean emissivity values and standard deviation bars for porcine skin 
samples (obtained from different animals) before and after different applications of 
localised heat treatments. Samples a, b, c, and d represent normal skin; a1, b1, c1 and 
d1 represent skin with burns after 10 seconds of heat treatment (first degree burn); a2, 
b2, c2, and d2 represent skin with burns after 60 seconds of extra heat treatment 
(second degree burn); a3, b3, c3, and d3 represent skin with burns after 120 seconds 
of extra heat treatment (third degree burn).  
The measurements in Figure 5.11 indicate that the mean emissivity values for the four 
samples before the application of heat treatments are in the range of 0.52 to 0.55. It is 
reasonable to find differences in the mean emissivity value of the skin as the samples 
were taken from different animals in which each animal has different skin thickness 
and different dielectric properties [157, 203]. The measurements also reveal that 
169 
 
biological tissue is responding similarly to the application of heat treatment as the 
mean emissivity values increase after each application of heat treatment for all samples 
as summarised in Table 5.2. However, the mean emissivity values for burn-damaged 
skin are different from sample to sample and this might be due to the resistivity and 
the conductivity of the skin that varies from animal to animal [134, 157, 203]. The 
measurements presented in Figure 5.11 confirm that radiometry can distinguish 
between different burn depths as it provides different mean emissivity values after 
each application of localised heat treatment. 
The time period for heat 
treatment (in seconds) 
Sample 
(a) 
Sample 
(b) 
Sample 
(c) 
Sample 
(d) 
0 0.52 0.536 0.54 0.55 
10 0.58 0.57 0.59 0.59 
60 0.64 0.65 0.63 0.67 
120 0.72 0.8 0.72 0.85 
Table 5.2: Mean emissivity values for porcine skin samples before and after different 
applications of localised heat treatments.  
Heat treatment alters the chemistry and the structure of the biological tissue and more 
importantly cauterises parts of the tissue. This process produces exudates around the 
wound site. Although for ex vivo tissue, it is difficult to observe exudates with the 
absence of blood circulation. However, during the experimental work, one of the 
samples produces exudates and as a result, the effect of exudates around the burn 
wound has been measured and investigated as illustrated in Figure 5.12.   
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Figure 5.12: Mean emissivity values and standard deviation bars for porcine skin 
sample before and after different applications of localised heat treatments. Sample L 
represents the normal skin; L1 represents skin with burns and exudates after 10 
seconds of heat treatment, L2 represents skin with burns and without exudates after 
60 seconds of extra heat treatment, L3 represents skin with burns and without exudates 
after 120 seconds of extra heat treatment. 
The measurements in Figure 5.12 indicate that the mean emissivity value of the burn-
damaged skin with exudates (L1) is lower than the normal skin by ~0.09.  Whereas, 
the mean emissivity values of the burn-damaged skin without exudates and with 
different burn depth (L2 and L3) are higher by ~0.07 and 0.28 respectively.  
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Figure 5.13: Mean emissivity values and standard deviation bars for porcine skin 
samples before and after different applications of localised heat treatments. Samples 
m and f represent normal skin; m1 and f1 represent skin with burns after 10 seconds 
of localised heat treatment, m2 and f2 represent skin with burns after 60 seconds of 
extra heat treatment, m3 and f3 represent skin with burns after 120 seconds of extra 
application of heat treatment, and m4 and f4 represent skin with burns after 60 seconds 
of extra application of heat treatment. 
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The measurements in Figure 5.13 indicate that the mean emissivity values of burn-
damaged skin is higher than that of unburned skin in the range from ~ 0.043 to ~0.25.  
This is likely to be due to the application of heat that makes the skin drier as the water 
in the skin is gradually evaporated with the application of heat until the sample 
contains almost no water as in m3 and f3. Then further heat treatment applied on the 
sample will not change the emissivity of the sample as in m4 and f4. This behaviour 
is observed experimentally in the measurements of the two samples presented in 
Figure 5.13.     
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5.7 Discussion  
Measurements of transmission conducted on dressing materials indicate that 80% to 
99% of the MMW radiation can propagate through dressing materials with little 
attenuation (or loss) measured to be in the range of 0.04 dB to 0.969 dB. These 
measurements indicate that the thickness of the sample and the textiles of the dressings 
are important factors to be considered as the transmission and the losses of the dressing 
materials are proportional to those factors.    
The measurements conducted on 15 porcine skin samples from the back regions of the 
animal over the band 80 GHz to 100 GHz indicate that the mean emissivity values of 
the porcine skin without burns are in the range of 0.52 to 0.55. The measurements of 
human skin emissivity conducted on the palm of the hand region for a sample of 60 
healthy participants in chapter 4 indicate that the mean emissivity values of the human 
skin for this particular region are ranging from 0.34 to 0.54. This means that the mean 
emissivity values of the porcine skin samples (back region) are within the range of 
human skin emissivity measurements of the palm of hand region (thick region). These 
results confirm that porcine skin is a good phantom model for the human skin.  
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Measurements of porcine skin samples in Figure 5.8 show that the signature of the 
skin of the samples A, B, C and D is observed through the 4-layer gauze burn bandage 
and the light support bandage. The measurements also show that dressing materials 
increase the mean emissivity values of the skin in the range of 0.01 to 0.02. This 
increase is due to the increase in the losses and transmission from the skin to air 
interface since dressing materials enhanced the MMW coupling of energy to the skin 
and acting as an impedance matching transformer [24].   
 
Measurements of porcine skin samples before and after the applications of cream and 
water in Figure 5.9 indicate that water and cream reduce the mean emissivity values 
of the samples in the range of 0.04 to 0.19. This reduction is likely to be increased 
with the amount of water and cream layer placed on the sample and it also depends on 
the dielectric properties of the cream and the thickness of the cream layer. This 
indicates that there is a strong correlation between the emissivity of the skin and the 
skin water content and the hydration level of the skin. These results are strongly 
supported by the simulation results of the half space model [124]and indicate that 
radiometry might be useful for non-invasive diagnosis of skin disease where the 
disease alter the water content of the skin. 
 
Measurements of porcine skin samples before and after the application of heat 
treatments in Figure 5.10 indicate that there is a clear signature for the burn that can 
be detected using the 90 GHz calibrated radiometer. The measurements indicate that 
the mean emissivity values of the burn-damaged skin are higher than that of unburned 
skin by 0.044, 0.084, 0.184, and 0.264 for samples X, Y, Z and W and after 10, 60, 
120, and 180 seconds of heat treatments applications respectively. This increase in the 
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mean emissivity is due to the burning process that is removing the water from the skin, 
thereby reducing the reflectance and increasing the emissivity (η=1-R). The 
measurements also show that the signature of the burn is observed through the      6-
layers gauze burn bandage and the light support bandage. These results support the 
knowledge that dressing materials are transparent over the MMW band [3].   
         
Measurements of porcine skin samples before and after different applications of 
localised heat treatments on the same sample in Figures (5.11 and 5.13) indicate that 
different application of heat treatments generate different burn depths. The differences 
in the mean emissivity values between unburned and burn-damaged skin are likely to 
increase with the degree of the burn, as the water content of the sample significantly 
decreases and as a result the emissivity increases. These results indicate that 
radiometry might be used as a non-invasive (non-contact) technique to assess the 
degree and the depth of the burn.   
Measurements of porcine skin sample in Figure 4.12 indicate that the mean emissivity 
value of the burned skin with exudates is lower than the unburned skin by ~0.09.  
Whereas, the mean emissivity values of the burned skin without exudates and with 
different burn depths are higher by ~0.07 and ~0.28. The interpretation of this is that 
burning process cauterises skin resulting in exudates produced around the wound site. 
These exudates decrease the emissivity of the sample by an amount directly 
proportional to the amount of exudates produced. However, when all exudates 
evaporate because of the burning process, the sample emissivity reaches a maximum 
as there is almost no water remaining. After that, an extra application of heat treatment 
does not affect the emissivity of the sample, as illustrated in Figure 5.13. 
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5.8 Conclusions 
The emissivity of porcine skin samples, with and without burns, were measured 
experimentally over the band (80-100) GHz using radiometry. The measurements 
indicate that the mean emissivity value of the burn-damaged skin without exudates is 
higher than the unburned skin, whereas the mean emissivity value of the burn-
damaged skin with exudates is lower than that of unburned skin. This means that the 
lower emissivities of burn-damaged skin are indicative of the presence of exudates, 
infection and a non-healing state of the skin, whereas the higher emissivities are 
indicative of a dry burn, suggesting a full thickness burn (third degree or deep second-
degree burn). This indicates that there is a clear signature for the burn that could be 
used to identify in a non-contact method the status of a burn in a matter of seconds 
using radiometry. 
  
The measurements in this research confirm that the signature of the burn is observed 
through two types of dressing materials used in the treatments of burn injuries; gauze 
burn dressing materials and light support bandage. This means that radiometry might 
be used as a non-contact technique for monitoring the healing status of the burn 
wounds under dressing materials. 
The measurements also indicate that radiometric sensitivity is sufficient to distinguish 
between different burn depths as the mean emissivity values of the burn-damaged skin 
are getting higher after different applications of localised heat treatments. This 
indicates that radiometry might be used as a non-contact technique to assess the burn 
depth or the degree of the burn. Research continues in this area to scan images using 
passive and active MMW technologies as illustrated in chapters 6 and 7. 
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Chapter 6 
Active Millimetre Wave Radar for Sensing and Imaging 
Through Dressing Materials 
This chapter discusses the use of a vector network analyser (VNA) to make radar 
measurements on dressing materials and on a hand support cast. This technique is 
used to obtain information about the structure of the bandages and used to assess the 
feasibility of using coherent sources of radiation to penetrate dressing materials 
having varying moisture content and medicinal creams. The VNA operates in a 
continuous wave (CW) linear frequency-sweeping mode over the frequency band      
15-40 GHz and phase calibration of this enables time-resolved pulsed data to be 
synthesised. The second part of the measurements investigates the millimetre wave 
attenuation of different types of medicinal creams used in the treatments of burns and 
injuries. 
6.1 Technical Background for Radar  
Radio detection and ranging (radar) is an electromagnetic technique for the detection, 
recognition, and identification of both moving and stationary targets [204, 205]. 
Although radar was developed initially for the military in the microwave band, there 
are many commercial civilian applications for air traffic control and remote sensing 
of the environment [8, 206, 207, 208, 209, 210]. However, in the past few decades, 
microwave and MMW radar systems have been researched for medical applications 
such as; early detection of breast cancer [211, 123], measurements of vital signs [212, 
213], measurements of heart beating [214], measurements of blood pressure [215, 
216], skin cancer detection [56], and brain stroke detection [217].  
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Based on the number of transmitting and receiving antennas, radar systems are 
classified into four types and these are: 1) monostatic radar, 2) bistatic radar, 3) array-
based radar, and 4) synthetic aperture radar.  In a monostatic radar, the transmitter and 
the receiver are co-located (the same antenna is used for transmitting and receiving 
the radiation) [67]. However, for a bistatic radar two antennas are used; one for 
transmitting and the other for receiving the electromagnetic radiation. The separation 
distance between the two antennas is of the order of the range to the target [205, 218].  
Synthetic aperture radar (SAR) is an imaging radar that uses a moving antenna (or a 
target) to make multiple measurements along the track of a single target. The multiple 
measurements are processed into an image with a diffraction limited resolution 
commensurate with the length of the track, having the potential to generate two or 
three-dimensional images of the target [205].  
An array radar (phase array radar) consists multiple transmitting and receiving 
stationary antennas that fed with phase shift devices that controlled by a computer, 
and based on the phase difference in the received reflected radiation the system forms 
an image [219]. 
In radar, a target object is illuminated by spatially and temporally coherent wave 
source. The reflections from the target are processed through algorithms into an image 
[168]. The level of reflected radiation from the target is dependent on the target 
structure and size. The so-called radar clutter is the return reflections from the 
environment and all objects which are not the target. The radar system is usually signal 
to clutter limited in the performance, in contrast to a radiometric system which is signal 
to noise limited [138, 205, 218]. The radar system has the advantages of controlling 
the frequency range, the transmitted power level, and the polarisation.   
179 
 
A monostatic radar system illustrated in Figure 6.1 generates a waveform to illuminate 
the target. The power level of the illumination is adjusted to obtain sufficient reflection 
return from the target (typically ranging from milliWatts to megawatts, this being 
application dependent). A power amplifier is used to achieve the appropriate power 
levels, the power being transmitted and received from the target through an antenna. 
A duplexer (switch) is used for separating the transmission and the reception modes 
of the antenna [205].  
 
Figure 6.1: A block diagram shows the basic elements of the monostatic radar system 
[205]. 
In the receiver mode, the received reflected radiation is a low power signal that 
requires amplification. To this end, a low noise amplifier is used at the first stage of 
the receiver, so noise in the system is minimised. In many types of radar systems, the 
signal is mixed with a local carrier frequency in a mixer; which then generates an 
intermediate frequency (IF) signal. The signal then enters a matched filter (having a 
conjugated time-reversed impulse response of the transmit signal) which has the effect 
of maximising the received signal level. Then the detection decision is made based on 
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a threshold and a decision criterion [205]. After that, the target location is identified 
and displayed as illustrated in the receiver block diagram of Figure 6.1.    
6.1.1 Principle of Operation of a Monostatic Pulsed Radar System  
In a monostatic radar, a single antenna transmits a pulse of electromagnetic radiation 
toward a target. The transmitted radiation interacts with the target; part of the radiation 
is absorbed or transmitted through the target and the other part is reflected back to the 
radar system. Then the system uses the reflected radiation to determine the direction 
and the range of the target [219]. Synchronisation between the transmitter and the 
receiver is required, and therefore the system should work within a timing frame as 
illustrated in Figure 6.2. The time counted from the beginning of sending one pulse 
and starting the next pulse is called the pulse repetition time (PRT), and the number 
of pulses transmitted per second is measured by means of a pulse repetition frequency 
(PRF) [219].      
 
Figure 6.2: Synchronisation between the transmitter and the receiver of the monostatic 
radar system [219]. 
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6.1.2 Radar Range Equation 
Consider a monostatic radar system using an isotropic antenna (radiate similar 
amounts of power in all direction) with a spherical radiation pattern.  The average 
power density of the transmission antenna, Sav in W/m
2 is [204, 205, 219]:  
𝑆𝑎𝑣 =
𝑃𝑡
4𝜋𝑅2
                                                                                                                          (6.1) 
Where, 𝑃𝑡 is the transmitted power in Watts, and R is the distance to the target 
measured in meters and it is called the target range.  
A more realistic scenario is for a radar to use a directional antenna, in which the 
average power density becomes [205, 218, 219]:  
𝑆𝐷 =
𝐺𝑃𝑡
4𝜋𝑅2
                                                                                                                           (6.2) 
Where G is the gain of the antenna. 
The received power from a target object of the radar system, 𝑃𝑟 in Watts can be 
expressed in terms of the incident power density (IPD), the effective aperture of the 
antenna, 𝐴𝑒 in meter square, and the total loss factor in the radar system, 𝐿𝑠. This 
equation is best known as a radar range equation and it is given by [218, 219]: 
𝑃𝑟 = (𝐼𝑃𝐷). (𝐴𝑒). (
1
𝐿𝑠
) = (
𝐺𝑃𝑡
4𝜋𝑅2
.
𝜎
4𝜋𝑅2
) . (
𝜆2𝐺
4𝜋
) . (
1
𝐿𝑠
) =  
𝑃𝑡𝜆
2𝐺2𝜎
(4𝜋)3𝑅4𝐿𝑠
               (6.3) 
Where, λ is the wavelength of the radar signal in meters, R is the target range in meter, 
and 𝜎 is the radar cross section (RCS) measured in meter square. The effective aperture 
of the antenna is inversely proportion with the frequency, the higher the frequency the 
smaller aperture of the antenna [219]. Radar equation indicates that the power received 
from a given target is inversely proportioned to the fourth power of the range.  
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The maximum theoretical range of the radar system, 𝑅𝑀𝑎𝑥 is measured when the power 
level of the received radiation is goes to the minimum detectable level, 𝑃𝑀𝑖𝑛. Below 
this level, the radar system will not be able to detect the received radiation [205, 218, 
219].  
𝑅𝑀𝑎𝑥 = √
𝜆2𝐺2𝑃𝑡𝜎
(4𝜋)3𝐿𝑠𝑃𝑀𝑖𝑛
4
                                                                                                    (6.4) 
Equation (6.4) indicates that the range of the radar can be increased by either 
increasing the wavelength of the transmitted radiation, the gain of the antenna, the 
transmission power level, or by reducing the power level of the minimum detectable 
signal and this can be achieved by reducing the noise from the system. The RCS is 
designed based on the physical geometry of the target, the transmitted frequency, and 
the reflecting surface of the target [219]. Therefore, RCS does not interact significantly 
in the calculation of the maximum range of the radar system.    
The radar system is a combination of electrical components such as antennas, cables, 
VNA, and computer. Therefore, thermal noise is the main source of noise in this 
system. This noise can be either internally generated in the radar receiver or it might 
arise from the atmospheric. The signal to noise ratio (SNR) is an important parameter 
to consider in the radar system and it can be expressed as [138, 205, 218, 219]:  
𝑆𝑁𝑅 =
𝑃𝑟
𝑁𝑜𝑖𝑠𝑒 𝑃𝑜𝑤𝑒𝑟
=   (
𝑃𝑟
𝑘𝑇𝑒𝐵
) =
𝑃𝑡𝜆
2𝐺2𝜎
(4𝜋)3𝑅4𝐿𝑠𝑘𝑇𝑒𝐵
                                  (6.5)            
Where, k is Boltzmann’s constant (1.38×10-23m2 kg s-2 K-1), 𝑇𝑒  is the effective noise 
temperature of the system in Kelvin, and 𝐵 is the bandwidth in Hertz.  
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6.1.3 Radar Clutter  
Clutter is defined as those radar echoes returns from everything except the target. The 
level of these returns are generally larger than that from the target and they are 
generated by many different objects, to name a few, these would be:  ground surface, 
snow, rain, sea, animals, birds, tall buildings, and other sources. Clutter interferes with 
the target signal and affects significantly the radar performance. According to the 
source of clutter, there are three types of clutter and these are [204]: 
 Surface clutter (echoes per surface area, 𝜎𝑜) is caused mainly from ground and 
rain reflections and it can be calculated as: 
𝜎𝑜 =
𝜎𝑐
𝐴𝑐
                                                                                                                   (6.6) 
Where, 𝜎𝑐 is the radar cross section for an area, 𝐴𝑐. 
 Volume clutter (echoes per volume, 𝜂 measured in meter-1) is caused from 
weather and chaff reflections and it can be calculated as: 
𝜂 =
𝜎𝑐
𝑉𝑐
                                                                                                                      (6.7) 
Where, 𝜎𝑐 is the radar cross section for a volume, 𝑉𝑐. 
  Point clutter is caused from birds, animals, and tall buildings reflections.  
 
The convention in radar is that the first level of signal processing is to reject where 
possible the clutter in the data so unambiguous information about the target can be 
obtained. The experimental work conducted in this research was performed indoor in 
an anechoic region. This minimised the sources of clutter that might interfere with the 
target echoes and degrades the performance of the radar system.    
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6.1.4 Radar Resolution 
Radar resolution has measured the ability of the radar system to discriminate between 
two targets that are closely spaced, in either range or bearing.  In a radar system, there 
are two types of resolution; the range resolution, and the spatial angular resolution.   
6.1.4.1 Range Resolution  
Range resolution is the smallest distance between the targets that can be resolved. The 
time delay between the echoes from different targets should be greater than the 
transmitter pulse width to allow targets to be resolved easily. Otherwise, they are not 
resolved [125]. Based on the Rayleigh criterion, the theoretical range resolution 𝑅𝑟 
can be calculated as shown [204]: 
𝑅𝑟 =
𝑐
2. 𝐵
                                                                                                                              (6.8) 
Where, B is the bandwidth of the transmitted signal, and c is the speed of the light.      
Equation (6.8) indicates that the range resolution of the radar can be enhanced by 
increasing the bandwidth of the transmitted signal. However, this is limited by many 
factors such as the antenna, the amplification, and the cost of the components. The 
limit of the range resolution of the radar system is [204, 218]:  
𝑅𝑟 ≥
𝑐
2. 𝐵
                                                                                                                              (6.9) 
 
 
 
185 
 
6.1.4.2 Spatial Angular Resolution  
The spatial angular resolution of the radar is defined as the minimum separation in an 
angle that can be resolved. This is achieved when equal range targets have a separation 
distance more than the antenna beam width. Therefore, the spatial angular resolution 
𝐴𝑟 is determined by the antenna beam width 𝜃 (which is defined by the -3 dB power 
point), and the range of the antenna, R as [204, 205, 218]: 
𝐴𝑟 ≤ 2. R sin (
𝜃
2
)                                                                                                             (6.10) 
Equation (6.10) indicates that the spatial angular resolution can be improved by 
decreasing the beam width of the antenna.  
6.1.5 Scattering Parameters and Vector Network Analyser  
Scattering parameters are complex amplitudes that can be determined from the 
incident and the reflected voltage of the network. The scattering parameters of the two-
port network in Figure 6.3 are expressed in terms of the incident voltage a1 and a2 and 
the reflected voltage b1 and b2 from port 1 and port 2 when they are terminated with a 
reference matched impedance [140].  
 
Figure 6.3: Scattering parameters as function of incident and reflected voltage of the 
two ports network. 
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The reflected voltages from port 1 and port 2 are [140]: 
𝑏1 = 𝑆11𝑎1 + 𝑆12𝑎2                                                                                                          (6.11) 
𝑏2 = 𝑆21𝑎1 + 𝑆22𝑎2                                                                                                         (6.12) 
Equations (6.11 and 6.12) can be written in a matrix format (scattering matrix) as:  
[
𝑏1
𝑏2
] = [
𝑆11 𝑆12
𝑆21 𝑆22
] [
𝑎1
𝑎2
]                                                                                                   (6.13) 
The input port reflection coefficient, 𝑆11 and the transmission coefficient, 𝑆21 are 
measured when the incident voltage of port 2 is equal to zero (𝑎2 = 0) as [140]: 
𝑆11 =
𝑏1
𝑎1
                                                                                                                             (6.14) 
𝑆21 =
𝑏2
𝑎1
                                                                                                                             (6.15) 
The output port reflection coefficient, 𝑆22 and the reverse voltage gain, 𝑆12 are 
measured when the incident voltage of port 1 is equal to zero (𝑎1 = 0) as [140]: 
𝑆22 =
𝑏2
𝑎2
                                                                                                                             (6.16) 
𝑆12 =
𝑏1
𝑎2
                                                                                                                             (6.17) 
Equations (6.14 to 6.17) indicate that the amplitude of the scattering parameters is 
determined by the ratio between the reflected voltage and the incident voltage 
amplitude of the waveform. Whereas, the phase is determined by the phase difference 
between the reflected and the incident waveform.  
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A two-port vector network analyser (VNA) illustrated in Figure 6.4, is an instrument 
used for measuring the magnitude and the phase of the reflection and the transmission 
coefficients (complex quantities consists of real and imaginary parts) of a two-port 
network over a range of frequencies. From the S-parameters, the dielectric and the 
magnetic properties of the materials can also be measured. Moreover, the device can 
also present the data in real time in either frequency domain or time domain formats 
[220]. In the course of this research, the VNA is used for measuring the input reflection 
coefficient (S11) of the samples.   
 
Figure 6.4: Two ports vector network analyser device used for measuring the 
magnitude and the phase of the scattering parameters.  
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6.1.6 Fourier Transform  
Fourier transform is a technique applied on non-periodic finite signals, converting 
from a time domain to frequency domain and vice versa using an inverse Fourier 
transform. The transform is used in many applications such as digital signal 
processing, image processing, convolution, deconvolution, and filtering. The Fourier 
transform for a non-periodic signal, 𝑓(𝑡) is [221]:  
𝐹(𝜔) = ∫ 𝑓(𝑡)𝑒−𝑗𝜔𝑡𝑑𝑡
+∞
−∞
                                                                                             (6.18)   
Where, 𝜔 = 2𝜋𝑓 is the angular frequency, measured in rad per second.  
The inverse Fourier transform is given by [221]: 
ℱ−1{𝐹(𝜔)} = 𝑓(𝑡) =
1
2𝜋
∫ 𝐹(𝜔)𝑒+𝑗𝜔𝑡𝑑𝜔                                                            (6.19)
+∞
−∞
   
The signal representation in time and frequency domains has an inverse relationship. 
An example of this is the impulse function, 𝛿(𝑡) that has zero duration in the time 
domain and an infinite constant spectrum in the frequency domain as illustrated in 
Figure 6.5.  
Figure 6.5: Representations of impulse function in both time and frequency domains. 
 
189 
 
For discrete evenly sampled signals in the time domain, a discrete Fourier transform 
(DFT) is used to convert the signal from time domain to frequency domain. Whereas, 
an inverse discrete Fourier transform (IDFT) is used to convert the signal from 
frequency to time domain as [221]: 
𝐷𝐹𝑇 = 𝑋(𝑘) = ∑ 𝑥(𝑛). 𝑒
−𝑗2𝜋𝑛𝑘
𝑁                        0 ≤ 𝑘 < 𝑁                                    (6.20)
𝑁−1
𝑛=0
 
𝐼𝐷𝐹𝑇 = 𝑥(𝑛) =
1
𝑁
∑ 𝑋(𝑘). 𝑒
+𝑗2𝜋𝑛𝑘
𝑁                        0 ≤ 𝑛 < 𝑁                              (6.21)
𝑁−1
𝑘=0
 
Where, n and k are the numbers of data points in time and frequency domains.  
6.1.7 Radar Range  
The line of sight distance between the radar system and the target is defined as the 
range 𝑅, and it can be measured through the round trip time of the transmitted signal 
𝜏, the speed of the light c, and the refractive index of the medium 𝑛(𝜔) as [222]: 
𝑅 =  
𝑐𝜏
2𝑛(𝜔)
                                                                                                                       (6.22) 
Using Equation (2.16) in chapter 2, the range can be expressed as a function of the 
relative complex permittivity as: 
𝑅 =  
𝑐𝜏
2√𝜀𝑟(𝜔)
                                                                                                                   (6.23) 
For a low loss material such as dressing materials; 𝜀′′𝑟(𝜔) ≪ 1, the range is a function 
of the real part of the relative complex permittivity as: 
𝑅 =  
𝑐𝜏
2√𝜀′𝑟(𝜔) 
                                                                                                                (6.24) 
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6.2 Experiment 1: Sensing and Imaging Through Dressing Materials  
The objectives of this experiment are highlighted as follows: 
 To develop an experimental setup for measuring the propagation path length 
(PPL) of the dressing materials and the hand support cast using the pulse 
synthesis radar system operating over the band from 15 GHz to 40 GHz.  
 To measure the attenuation effect on MMW radiation of various types of 
creams use in the treatments of burns and injuries.  
 To assess the feasibility of using active MMW radiation to penetrate dressing 
materials and to provide information about the reflectivity of the metal plate 
that has been used as a surrogate for the body surface.   
6.2.1 Selection of the Frequency Band 15-40 GHz  
The frequency band ranging from 15 GHz to 40 GHz was chosen in this research, as 
it provides higher penetration capability compared with the higher frequency bands 
[124, 145]. This is an important factor to consider as the measurements in this chapter 
are used for measuring the PPL, the thickness of the sample, and the attenuation effect 
caused from coating the dressing materials with cream. The penetration depth of the 
millimetre wave radiation in the human skin as a function of frequency is illustrated 
in Figure 2.2 (chapter 2, section 2.4).  
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 6.2.2 Experimental Description  
A standard gain pyramid horn antenna with a square aperture (46 mm x 46 mm) and a 
nominal gain of 20 dBi effective over the band 15 GHz to 40 GHz (Ku, K, and Ka) 
was located ~ 250 mm from the sample under test (SUT) and was aligned in vertical 
polarization as illustrated in Figure 6.6.  
 
Figure 6.6: Illustration of the experimental apparatus used to make measurements of 
the propagation path length and the attenuation of the dressing materials using radar. 
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Computer with Matlab 
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    Vector Network Analyser   
 
 
  
Background 
  High Frequency Cable  
Ethernet 
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The antenna was connected through a high-frequency coaxial cable to a vector 
network analyzer (type: Keysite PNAX VNA, model: N5227A). A large metal plate 
(length=1200 mm, and width 660 mm) was used as a background and also for 
calibration purposes. The VNA with an operating frequency band (10 MHz - 67 GHz) 
was used to illuminate the SUT and was connected to the computer through an 
Ethernet cable and controlled via a Matlab programme.  
The Matlab programme allows the user to determine the start frequency (15 GHz), the 
end frequency (40 GHz), the number of data points (512), the frequency step size 
(48.92 MHz), and the transmitted power level (1.0 mW); this power level has been 
chosen as it is within the radiation safety limits [23]. These parameters result in a 
theoretical range resolution of 6.0 mm and a bandwidth of 25 GHz. The system was 
surrounded with a wall of microwave carbon loaded absorbing foam to minimise 
reflections from other objects in the lab and the data were saved directly to be 
processed later. The experimental setup in Figure 6.6 was used to conduct 
measurements on three types of samples: 
 Samples with known reflectivity such as a large flat metal plate (100% 
reflector) [145]and a wall of microwave foam absorber (non-reflective) [149]. 
These measurements were conducted for calibration purposes.  
 Rigid samples such as a hand support cast, a polyethylene cylinder, a 
polyethylene flat plate, and a wax candle. These measurements were 
conducted when the sample was located between the horn antenna and the 
metal plate background.     
 Dressing materials in a dry state, wet state, and with cream. These 
measurements were conducted when the samples were attached directly to the 
metal plate as the metal plate has been used as a surrogate to the body surface.   
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6.2.3 Methodology of Data Processing  
The mono-static radar system in Figure 6.6 was used for measuring: A) the complex 
reflected signal (S11) from the metal plate, B) the internal background signal measured 
with a microwave foam absorber target and C) the complex reflected signal from the 
SUT (rigid samples and dressing materials). These particular measurements are 
selected as it enables calibration to be made quickly, before and after the 
measurements, thus minimising the effects of systematic errors. The foam absorber 
calibration measurements were used to subtract any internally reflected radiation, and 
the metal plate calibration measurement was used to remove the effect of the 
transmitter and the receiver response ''dispersion'' by deconvolution. The complex 
reflected signal for each sample (SUT, metal plate and foam absorber) was measured 
ten times and averaged at each frequency. The complex reflected signal in the 
frequency domain was transformed into time domain signal using the Inverse Fast 
Fourier Transform (IFFT). Zero padding (307 points) was used beyond the measured 
0-15 GHz frequency band to aid data interpretation. This methodology together with 
the distance between two reflection peaks [223] was used to measure the PPL of the 
samples as illustrated in Equations (6.25 and 6.26). The measured PPL was compared 
with the actual path length of the sample that obtained using a standard ruler with    
±0.5 mm absolute uncertainty.  
𝑃𝑃𝐿 = 𝑅2 − 𝑅1                                                                                                                 (6.25) 
By substituting Equation (6.22) into Equation (6.25), the PPL of the sample is: 
𝑃𝑃𝐿 =  
𝑐𝜏2
2𝑛(𝜔)
−   
𝑐𝜏1
2𝑛(𝜔)
=
𝑐∆𝜏
2𝑛(𝜔)
=
𝑐∆𝜏
2√𝜀𝑟(𝜔)
                                                     (6.26) 
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The following block diagram summarises the methodology of data processing for 
experiment 1: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                                     
Figure 6.7: A block diagram summarises the methodology of data processing. 
Read the data files (S11) for: 
The sample under test (SUT) 
The metal plate (MP) 
The foam absorber (FA) 
 
 
Remove the dispersion by 
performing deconvolution using 
a large flat metal plate. 
 
 
 
 
 
Start End 
Convert the data of the sample 
from frequency domain into time 
domain by using the (IFFT). 
 
 
Take the absolute value of the 
(IFFT) and display the output of 
the sample in time domain.  
 
Use the distance between two 
reflection peaks and Equation 
(6.26) to measure the PPL of 
the sample.  
 
Use the reflection from the 
metal plate before and after 
locating the sample to measure 
the attenuation effect caused 
from samples and creams. 
 
Generate variables: 
Time (ns), frequency (GHz) 
Distance in (m), length=10 
Calculate the mean of the complex scattering 
parameter S11as follows:                                
S11_Mean_Sample: S11_Real + j*S11_Imag  
S11_Mean_MP: S11_Real + j*S11_Imag 
S11_Mean_ FA: S11_Real + j*S11_Imag 
 
Remove the internal reflection from the data 
using the foam absorber measurements: 
S11_Mean_Sample_without internal reflection:                                
{S11_Mean_Sample} – {S11_Mean_FA} 
S11_Mean_MP_without internal reflection: 
{S11_Mean_MP} – {S11_Mean_ FA} 
 
Zero padding applied on the sample, 
the metal plate, and the foam absorber 
over the band 0-15 GHz 
 
Step 1 
Step 2 
Step 3 
Step 4 
Step 5 
Step 6 
Step 7 
Step 8 
Step 9 
Step 10 
Step 11 
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6.2.4 Experimental Results  
The experimental results are divided into four parts; 1) measurements of the spatial 
resolution of the radar system, 2) calibration measurements applied on a flat metal 
plate and a wall of microwave carbon loaded foam absorber, 3) measurements of the 
PPL of the rigid samples, and 4) measurements of the PPL and the attenuation of 
dressing materials samples.   
6.2.4.1 Radar Spatial Resolution Measurements  
The spatial resolution of the radar was measured experimentally using two flat metal 
plates; one of the plates was fastened and aligned properly. Whereas, the other plate 
was movable. Initially, the distance between the two plates was 100 mm and the 
reflection peaks from the two metal plates were completely resolved on the screen of 
the VNA. Then the distance between the two plates was reduced by moving the 
movable metal plate until the two peaks are getting closer to each other’s as illustrated 
in Figure 6.8 (a); this distance was measured to be ~8.0 mm. Then any further 
movements will combine the two reflection peaks into one reflection peak as 
illustrated in Figure 6.8 (b). This indicates that the measured spatial resolution of the 
system is ~8.0 mm. This value is in a good agreement with the theoretical value that 
indicates a spatial resolution of 6.0 mm using Equation (6.8).  
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Figure 6.8: The minimum resolvable distance between the two metal plates is ~8.0 
mm (a) a further decreases in this distance results in a combination of the two peaks 
into a single peak (b).  
Measurements in Figure 6.8 indicate that the measured spatial resolution of the radar 
system is ~8.0 mm. This distance is measured experimentally using a ruler and it is 
also confirmed by using the distance between two reflection peaks and Equation 
(6.26).  
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6.2.4.2 Calibration Measurements  
Calibration measurements in this section were conducted on the background that can 
be either a large flat metal plate or a wall of foam absorber without locating any sample 
between the horn antenna and the background. The metal plate was aligned properly 
to obtain the maximum possible reflection and the complex reflected signal (S11) was 
measured ten times and averaged at each data point over the band (15-40) GHz. Then 
zero padding was performed over the band 0-15 GHz for better data interpretation. 
Then the complex reflected signal in the frequency domain is transformed into time 
domain signal using the IFFT as illustrated in Figure 6.9. 
Figure 6.9: The reflected signal from a flat metal plate background (length=1200 mm, 
and width= 660 mm). 
The next calibration measurement was performed on a wall of microwave foam 
absorber, and the data obtained is illustrated in Figure 6.10.  
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Figure 6.10: The reflected signal from a wall of foam absorber background. 
The measurements in Figure 6.10 indicate three reflection peaks in the foam absorbing 
material caused internally due to mismatch points. The first peak presents the internal 
reflection from the point of connection between the VNA and the high-frequency 
cable, the second peak presents reflection from the point of connection between the 
high-frequency cable and the horn antenna, and the third peak presents reflection from 
other offsets.  The reflectivity measurements applied on the foam absorbing material 
is used in the next sections to cancel the internal reflection that caused from different 
offsets and mismatched points. This effect is found in all measurements and it can be 
removed by subtracting the scattering parameters of the sample from a reference 
background of microwave foam absorber.   
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6.2.4.3 Propagation Path Length Measurements for Rigid Samples  
The measurements presented in this section were conducted on three samples with 
known PPL and they were: 1) polyethylene cylinder with a 50 mm PPL, 2) 
polyethylene flat plate with a 10 mm PPL, and 3) wax candle with an 80 mm PPL. 
These samples are described in details as illustrated in Table 6.1.  
Sample 
 
Material Complex Permittivity Dimensions (mm) 
 
Cylinder  Polyethylene 
(HDPE) 
𝜖𝑟 = 2.26 + i0.00075  
(26-40) GHz [19] 
Diameter: 50 mm 
Length:160 mm  
Flat Plate Polyethylene 
(HDPE) 
𝜖𝑟 = 2.26 + i0.00075  
(26-40) GHz [19] 
Length: 200 mm 
Width:190 mm 
Thickness:10 mm 
Wax Candle  Paraffin Wax 
 
𝜖𝑟 = 2.3 + 𝑖0.00023  
(2-300) GHz [19]  
Diameter: 80 mm 
Length: 290 mm 
Table 6.1: Summary of the measured samples dielectric properties and dimensions. 
The samples were located between the horn antenna and the metal plate background 
and the data were processed using the methodology described in Figure 6.7, and the 
data obtained from different samples are illustrated in Figures (6.11, 6.12, and 6.13): 
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Figure 6.11: The reflected signal from a 50.0 mm thick polyethylene cylinder located 
in free space between the horn antenna and the metal plate background. 
The measurements in Figure 6.11 shows three reflection peaks associated with the 
cylinder and the metal plate; the first two peaks correspond to the reflections from the 
front and the back surfaces of the cylinder, whereas the third peak corresponds to the 
metal plate surface. The PPL of the cylinder is measured using the distance between 
two reflection peaks [223]and Equation (6.26) as follows:  
𝑅1 =
𝑐𝑡1
2√𝜖′
=
3𝑥108𝑥16.75𝑥10−9
2√2.26
= 1.671𝑥103 𝑚𝑚. 
𝑅2 =
𝑐𝑡2
2√𝜖′
=
3𝑥108𝑥17.22𝑥10−9
2√2.26
= 1.718𝑥103 𝑚𝑚. 
𝑃𝑃𝐿 = 𝑅2 − 𝑅1 = 47.0 mm.  
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 The difference between the actual PPL and the measured PPL is calculated to be        
3.0 mm. The attenuation in the reflected radiation is measured by comparing the two 
reflection peaks that are associated with the metal plate before and after locating the 
sample (cylinder). From the heights of the reflection peaks, the attenuation is estimated 
as ~20% for a 50.0 mm polyethylene cylinder. The next sample is a flat polyethylene 
plate and the data obtained from this sample is illustrated in Figure 6.12:  
Figure 6.12: The reflected signal from a 10.0 mm thick polyethylene flat plate located 
in free space between the horn antenna and the metal plate background. 
The measurements in Figure 6.12 shows three reflection peaks associated with the flat 
plate and the metal plate; the first two peaks correspond to the reflections from the 
front and the back surfaces of the plate, whereas the third peak corresponds to the 
metal plate surface. The PPL of the plate is measured to be 12.5 mm using the distance 
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between two reflection peaks and Equation (6.26). The difference between the actual 
PPL and the measured PPL is 2.5 mm. The attenuation in the metal plate reflected 
radiation is estimated as ~28% from a 10.0 mm polyethylene plate. 
Figure 6.13: The reflected signal from an 80.0 mm thick wax candle located in free 
space between the horn antenna and the metal plate background. 
The measurements in Figure 6.13 shows three reflection peaks associated with the wax 
candle and the metal plate; the first two peaks correspond to the reflections from the 
front and the back surfaces of the candle, whereas the third peak corresponds to the 
metal plate surface. The PPL of the wax candle is measured to be 79.1 mm using the 
distance between two reflection peaks and Equation (6.26). The difference between 
the actual PPL and the measured PPL is 0.9 mm. The attenuation in the metal plate 
reflected radiation is estimated as ~30% from an 80.0 mm wax candle. 
203 
 
6.2.4.4 Measurements Applied on Dressing Materials  
The reflectivity measurements presented in this section were conducted on dressing 
materials and on a hand support cast. The measurements were conducted on dressing 
materials in different states (dry, wet and with a layer of cream).  
6.2.4.4.1 Gauze Burn Dressing Materials in Dry State   
A gauze burn bandage with ~10.0 mm thick was located and aligned between the horn 
antenna and the metal plate. The bandage was in a dry state and removed from 
protective packaging prior to measurement. The data were processed using the 
methodology described in Figure 6.7 and the results are illustrated in Figure 6.14. 
 
Figure 6.14: The reflected signal from a 10.0 mm thick bandage located in free space 
between the horn antenna and the metal plate. The solid red line shows the signal from 
the bandage and the metal plate and the broken blue line when the metal plate only is 
present.  
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The measurements in Figure 6.14 indicate that the reflection from the gauze burn 
bandage is ~10%, compared with the reflection from the metal plate. Although 
dressing materials are low loss materials, increasing the thickness of dressing materials 
increases the absorption and causes loss. The attenuation in the reflected radiation is 
measured by comparing the two reflection peaks that are associated with the metal 
plate before and after locating the bandage. From the heights of the reflection peaks, 
the combined attenuation and reflection by the gauze burn bandage is estimated as 
~10% for a 10 mm bandage thickness. The PPL of the gauze burn bandage is measured 
to be ~11.25 mm using the distance between two reflection peaks and Equation (6.26). 
The difference between the actual and the measured PPL is 1.25 mm.  
6.2.4.4.2 Gauze Burn Dressing Materials with Sudocrem 
Dressing materials are used widely on the treatments of injury and burn wounds. These 
materials are usually used with cream for avoiding friction between the skin and the 
dressing materials and for healing purposes [125]. This section investigates the 
feasibility of using active radiation to sense different surfaces attached to the dressing 
materials and whether it is possible to sense features under these layers.  
A ~25.0 mm thick gauze burn bandage is attached to the metal plate and a ~0.5 mm 
layer of Sudocrem covers the front surface of the bandage. The cream layer was 
applied on the bandage surface according to the standard medical practice described 
on the packet of the cream. The cream layer was distributed equally and uniformly on 
the entire surface of the bandage, and then the measurements were conducted and the 
data were obtained and processed as shown in Figure.6.15:   
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Figure 6.15: The reflected signal from a ~25.0 mm thick bandage with Sudocrem. The 
bandage was attached directly to the metal plate. 
The measurements in Figure 6.15 show two reflections peaks; the reflection from the 
cream and the front surface of the bandage are combined in peak 1, and the reflection 
from the back surface of the bandage and the metal plate are combined in peak 2. 
Although the imaging system can’t resolve the cream layer attached to the bandage 
surface itself, this doesn’t mean that it can’t sense the cream surface. The measured 
reflection from the front surface of the bandage in a dry state did not exceed ~10% (see 
Figure 6.14), whereas when a layer of Sudocrem is attached to the bandage the 
reflection is increased to ~16%. The PPL of the bandage is measured to be ~27.0 mm 
from the distance between the two reflection peaks. The difference between the actual 
PPL and the measured PPL is ~2.0 mm. It may be noted that although the metal plate 
seen through the cream layer has been reduced by a factor of 3, it is still possible to 
sense features under the cream layer.  
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6.2.4.4.3 Gauze Burn Dressing Materials with Flamazine Cream 
The results obtained with another ~10.0 mm gauze burn bandage coated with a 0.5 mm 
layer of a different cream Flamazine is illustrated in Figure 6.16.  
Figure 6.16: The reflected signal from a ~10.0 mm thick bandage coated with 
Flamazine cream. The bandage was attached directly to the metal plate. 
The reflection measurements in Figure 6.16 show that adding a layer of Flamazine 
cream increases the reflection on the front surface of the bandage in a dry state from 
~10%  to ~30%. The signal passing through the cream and the bandage and reflected 
from the metal plate is now 55%. The PPL of the bandage, in this case, is measured to 
be ~10.5 mm using the distance between two reflection peaks. The difference between 
the actual PPL and the measured PPL is calculated to be ~0.5 mm. 
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6.2.4.4.4 Gauze Burn Dressing Materials with Water  
 The results obtained from a ~10.0 mm gauze burn bandage in a wet state (bandage 
with water) is illustrated in Figure 6.17. The percentage of water in the bandage was 
found to be ~25%. This value was obtained by weighing the bandage before and after 
the application of water.  
Figure 6.17: The reflected signal from a ~10.0 mm thick wet bandage. The bandage 
was attached directly to the metal plate. 
Reflection measurements in Figure 6.17 show only one reflection peak since MMW 
radiation is highly absorbed in water [24]. The combined signal reflection from the 
water in the bandage and that passing through the water and the bandage and reflected 
from the metal plate is now ~70%. This is higher than the reflection from the water 
alone 53% [45] so the attenuated reflected radiation from the plate may be estimated 
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as ~17%. The metal plate seen through the wet bandage has been reduced by a factor 
of ~6.0. This means that it may still be possible to sense features under wet dressing 
materials.  
6.2.4.4.5 Light Support Bandage with Savlon Cream 
A light support bandage with a~25.0 mm thick was located and aligned between the 
horn antenna and the metal plate. The bandage was in a dry state and removed from 
protective packaging prior to measurement. The reflectivity of the bandage is 
measured to be ~10% in the dry state. After that, the bandage was attached to the metal 
plate and coated with a 0.5 mm layer of Savlon cream. Then the data were obtained 
and processed as illustrated in Figure 6.18.  
Figure 6.18: The reflected signal from a ~25.0 mm thick light support bandage with 
Savlon cream. The bandage was attached directly to the metal plate. 
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The reflection measurements in Figure 6.18 show that adding a layer of Savlon cream 
increases the reflection on the front surface of the bandage from ~10% in a dry state to 
~15%. The signal passing through the cream and bandage and reflected from the metal 
plate is ~51%. The PPL of the bandage, in this case, is measured to be ~25.5 mm using 
the distance between two reflection peaks. The difference between the actual and the 
measured PPL is calculated to be ~0.5 mm. 
6.2.4.4.6 Light Support Bandage with Sudocrem  
The results obtained from a ~40.0 mm thick light support bandage coated with a           
0.5 mm layer of Sudocrem and attached to the metal plate is illustrated in Figure 6.19. 
Figure 6.19: The reflected signal from a ~40.0 mm thick light support bandage with 
Sudocrem. The bandage was attached directly to the metal plate. 
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The reflection measurements in Figure 6.19 show that adding a layer of Sudocrem 
increases the reflection of the front surface of the bandage from ~10% in a dry state to 
~18%. The signal passing through the cream and bandage and reflected from the metal 
plate is 28%. The PPL of the bandage, in this case, is measured to be ~37.5 mm using 
the distance between two reflection peaks. The difference between the actual and the 
measured PPL is 2.5 mm. 
6.2.4.4.7 Hand Support Cast Sample   
A hand cast made of plaster-of-Paris was located and aligned transversely between the 
horn antenna and the metal plate. The hand cast has a cylindrical tubular shape and 
dimensions (length 250 mm, and diameter 90 mm). The results obtained from the hand 
support cast are illustrated in Figure 6.20.  
Figure 6.20: The reflected signal from a 90.0 mm wide hand cast located in free space 
between the horn antenna and the metal plate background. 
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The reflection measurements in Figure 6.20 show three reflection peaks associated with 
the hand cast and the metal plate; the first two peaks correspond to the reflections from 
the front and the back surfaces of the hand cast, whereas the third peak corresponds to 
the metal plate surface, as seen through the cast. Reflection peaks are produced in the 
time domain resulting from reflections from the surfaces of the sample or 
discontinuities in dielectric properties. The reduction of the third peak (~35%) 
compared to the value 1.0 obtained without the cast (see Figure 6.14), is due to 
reflection and absorption by the cast material.  From the distance between two cast 
peaks, the PPL for the hand cast sample is measured to be ~85.5 mm, close (~4.5 mm) 
to the actual PPL (90.0 mm). 
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6.2.5 Data Validation  
For the purpose of data validation, the PPL measurements were repeated three times 
in three separate experiments; in each experiment, the measurements were repeated 
ten times and averaged. The measurements obtained from the three experiments were 
processed using the methodology described in Figure 6.7. These measurements are 
summarised in Tables (6.2, 6.3 and 6.4).    
Sample Actual 
PPL (mm) 
𝜏1   
(ns) 
 𝜏2   
 (ns) 
Measured 
PPL (mm) 
|Actual-Measured| 
PPL in (mm) 
Cylinder 50.0 16.75 17.22 47.0 3.0  
Flat plate 10.0 4.95 5.075 12.5 2.5 
Wax candle 80.0 11.55 12.35 79.1 0.9 
Gauze bandage 25.0 9.85 10.03 27.0 2.0 
Light support bandage 25.0 18.3 18.47 25.5 0.5 
Hand support cast 90.0 15.15 15.72 85.5 4.5 
Table 6.2: Propagation path length measurements obtained from experiment 1.  
Sample Actual 
PPL (mm) 
𝜏1   
(ns) 
𝜏2   
(ns) 
Measured 
PPL (mm) 
|Actual-Measured| 
PPL in (mm) 
Cylinder 50.0 8.825 9.3 47.9 2.1 
Flat plate 10.0 9.15 9.25 10.0 0 
Wax candle 80.0 9.15 9.925 77.0 3.0 
Gauze bandage 10.0 8.7 8.775 11.25 1.25 
Light support bandage 27 10.72 10.87 22.5 4.5 
Hand support cast 90.0 9.25 9.825 86.0 4.0 
Table 6.3: Propagation path length measurements obtained from experiment 2.  
 
213 
 
Sample Actual 
PPL (mm) 
𝜏1   
(ns) 
𝜏2   
(ns) 
Measured 
PPL (mm) 
|Actual-Measured| 
PPL in (mm) 
Cylinder 50.0 8.725 9.2 47.4 2.6 
Hand support cast 90.0 8.875 9.45 86.3 3.7 
Gauze bandage 25.0 9.025 9.175 22.5 2.5 
Gauze bandage 30.0 8.625 8.8 26.0 4.0 
Light support bandage 37.0 8.7 8.975 41.0 4.0 
Table 6.4: Propagation path length measurements obtained from experiment 3.  
The measurements in Tables (6.2, 6.3, and 6.4) indicate that the methodology 
described in Figure 6.7 is sufficient to provide information about the PPL of the 
dressing materials and the hand support cast as the differences between the actual and 
the measured PPL for all samples are in the range of 0.0 mm to 4.5 mm. These 
differences are caused by many factors and these are: 1) the sensitivity to the alignment 
(or sensitive to the multiple reflections) that arises from the coherence length of the 
active system (speckle and multipath), and 2) the soft structure of the bandage that 
might cause variations in the PPL through the bandage during the measurement.  
During the experimental work, all sources of error were considered as follows: 
 All samples were aligned properly; this is achieved by observation of the real-
time IFFT displayed on the VNA as the samples were aligned.    
 All dressing materials samples were compressed and attached to the metal 
plate background; this process minimises variation in the sample thickness 
during the experimental work.  
  Cream layer was applied on dressing materials as recommended in the 
standard medical practice and it was distributed equally and uniformly over 
the entire surface of the sample.    
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 Measurements were repeated 10 times in each experiment and the standard 
deviation in the scattering parameter (S11) does not exceed ~0.0001. This 
indicates that the measurements are consistent.  
 The actual PPL of the samples were measured using a ruler with an absolute 
measurement uncertainty of ±0.5 mm (half the smallest division). During the 
measurements, the samples were placed on a flat and smooth surface (table) 
and the measurements were conducted five times and averaged.  
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6.3 Experiment 2: Attenuation in Different Types of Cream  
This experiment aims to measure the attenuation of the MMW radiation in different 
types of cream over the frequency band 15-40 GHz.  
6.3.1 Selection of Creams  
In this experiment, the attenuation of the MMW radiation is measured in three types 
of creams; Flamazine cream, Sudocrem, and Savlon cream. These creams were chosen 
as they are used in the treatments of burns and injuries. All creams were purchased 
from the pharmacy (Flamazine cream requires a prescription) and they were opened 
for the first time directly before the experimental work commenced. By covering metal 
surfaces with differing thicknesses of creams enabled the attenuations of the creams 
to be measured directly, which was more accurate than measuring the cream on 
bandages, as described in the previous sections.  
 6.3.2 Experimental Description  
The experimental setup used in this part is similar to that in Figure 6.6. However, the 
sample under test was replaced with a square flat metal plate (length 200 mm, and 
width 200 mm) and the large metal plate background was replaced with a wall of 
microwave foam absorber. Initially, the measurements were conducted on a wall of 
microwave foam absorber background without placing any target object between the 
horn antenna and the background. This gives the internal reflection between the horn 
antenna and the high frequency cable (mismatch points); as the microwave foam 
absorbers are non-reflective [149].  
 
216 
 
In the next step, the metal plate was located between the horn antenna and the foam 
absorber background. Then the plate was aligned properly so the maximum possible 
reflectivity from the metal plate is obtained. The reflected signal from the metal plate 
target alone (without cream), 𝑆11𝑀𝑒𝑡𝑎𝑙  is measured in the frequency domain as:  
𝑆11𝑀𝑒𝑡𝑎𝑙 = 𝑆11𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 + 𝑅𝑀𝑒𝑡𝑎𝑙𝑆𝑀𝑒𝑡𝑎𝑙                                                                  (6.27) 
Where, 𝑆11𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 is the reflected signal from the background, 𝑅𝑀𝑒𝑡𝑎𝑙 is the 
reflectivity of the flat metal plate (100% reflector) and it is approximately ~1.0 for 
perfect reflector [145], 𝑆𝑀𝑒𝑡𝑎𝑙 is the wave form fed to the horn antenna.   
After that, the metal plate was coated with cream and the reflectivity measurements 
were obtained from each type of cream and at different thicknesses (less than 0.5 mm, 
0.5 mm, 1.0 mm, and 1.5 mm to 2.0 mm). The reflected signal from the metal plate 
target coated with cream, 𝑆11𝑀𝑒𝑡𝑎𝑙&𝐶𝑟𝑒𝑎𝑚  is:   
𝑆11𝑀𝑒𝑡𝑎𝑙&𝐶𝑟𝑒𝑎𝑚 = 𝑆11𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 + 𝑇𝐶𝑟𝑒𝑎𝑚𝑅𝑀𝑒𝑡𝑎𝑙𝑆𝑀𝑒𝑡𝑎𝑙                                         (6.28) 
The transmissivity of the cream, 𝑇𝐶𝑟𝑒𝑎𝑚 can be obtained by using Equation (6.27) 
and Equation (6.28) as: 
𝑇𝐶𝑟𝑒𝑎𝑚 =
(𝑆11𝑀𝑒𝑡𝑎𝑙&𝐶𝑟𝑒𝑎𝑚 − 𝑆11𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)
(𝑆11𝑀𝑒𝑡𝑎𝑙 − 𝑆11𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)
                                                            (6.29) 
The attenuation in the MMW radiation caused from the cream is: 
𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 = 1 − |𝑇𝐶𝑟𝑒𝑎𝑚|                                                                                        (6.30)       
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During the experimental work, the metal plate was cleaned using dry wipes before 
changing the type of the cream, and the reflectivity of the metal plate was checked to 
be maximum (using the VNA internal automatic setup) before coating it with a 
different cream. The reflectivity measurements for the metal plate were obtained 
before and after the plate was coated with cream. All the measurements were repeated 
10 times (to reduce the random uncertainty) and the data were obtained directly to be 
processed later. Although, the cream was distributed equally and uniformly on the 
entire surface of the metal plate. However, the thickness of the cream layer is expected 
to be the main source of uncertainty in this experiment as it is very difficult to get 
exactly the same thickness of the cream layer on the entire surface of the metal plate.    
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6.3.3 Methodology of Data Processing  
The following block diagram summarised the methodology of data processing for 
experiment 2:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.21: A methodology of data processing applied on different types of cream. 
Read the data files (S11) for:               
The foam absorber (FA)                
The metal plate only (MP)            
The metal plate & cream (MPC) 
 
 
Start End 
Measure the transmissivity of 
the cream by using Equation 
(6.29). 
 
Take the absolute value of the 
transmissivity of the cream.   
 
Measure the attenuation of the 
cream using Equation (6.30). 
 
Identify the attenuation of each 
type of cream at different 
thickness over the frequency 
band 15-40 GHz.  
 
Calculate the mean of the complex scattering 
(S11) as the measurements repeated 10 times:  
S11_Mean_ FA:  S11_Real + j*S11_Imag   
S11_Mean_MP: S11_Real + j*S11_Imag 
S11_Mean_MPC: S11_Real + j*S11_Imag 
 
 Remove the internal reflection from the data 
using the microwave foam absorber:  
S11_Mean_MPC_without internal reflection: 
{S11_Mean_MPC} – {S11_Mean_ FA} 
S11_Mean_MP_without internal reflection: 
{S11_Mean_MP} – {S11_Mean_ FA} 
 
Generate variables: 
Frequency (GHz) and Length=10 
 
Step 1 
Step 2 
Step 3 
Step 4 
Step 5 
Step 6 
Step 7 
Step 8 
Step 9 
Step 10 
Read the attenuation data file 
and display this data on excel 
plot.   
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6.3.4 Experiment 2: Experimental Results 
Experimental results in this section present the data obtained from different types of 
cream used in the treatments of burns and injuries and these are: 1) Flamazine cream, 
2) Savlon cream, and 3) Sudocrem.  
Figure 6.22: The attenuation in the MMW radiation caused by Flamazine cream.  
The measurements in Figure 6.22 indicate that the attenuation in the MMW radiation 
caused by coating the metal plate with Flamazine cream is increased with the thickness 
of the cream and with the frequency. These results are consistent with the results 
obtained from Savlon and Sudocream as illustrated in Figures (6.23 and 6.24). These 
results confirmed that the attenuation caused by coating the metal plate in cream varies 
from cream to cream, thickness to thickness, and at different frequencies.     
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Figure 6.23: The attenuation in the MMW radiation caused by Savlon cream.  
The measurements in Figure 6.23 indicate that MMW radiation is attenuated as a result 
of coating the metal plate with Savlon cream.  
Figure 6.24: The attenuation in the MMW radiation caused by Sudocrem.  
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Experimental results in Figure 6.24 indicate similar trends to that obtained from 
Flamazine and Savlon cream. These results confirm that MMW radiation is highly 
absorbed and attenuated in cream over the frequency band from15 GHz to 40 GHz.  
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6.4 Discussion  
The propagation path length measurements conducted on dressing materials samples 
and a hand support cast indicate that, the resolved structure from a radar system 
effective over the band 15 GHz to 40 GHz is capable of providing information about 
the thickness of the dressing materials samples and the hand support cast using the 
distance between two reflection peaks. This capability is an advantage to the active 
imaging system over the passive imaging system that relies on the contrast of the 
radiation temperature between the target object and the background.  
Reflection measurements applied on rigid samples (cylinder, flat plate, wax candle, 
and hand support cast) show images with three reflection peaks associated with 1) the 
front surface of the sample, 2) the back surface of the sample, and 3) the metal plate 
background. These results are reasonable as the separation distance between any two 
objects was chosen to be greater than the system spatial resolution, measured to be 
~8.0 mm. Furthermore, the difference between the actual and the measured PPL of the 
rigid samples was found to be in the range of 0.0 mm to 4.0 mm. This indicates that 
the experimental methodology is sufficient to provide information about the PPL of 
the samples.  
Reflection measurements performed on dressing materials with cream (gauze burn and 
light support bandages) show images with two reflection peaks only. These reflections 
are associated with the front surface of the bandage combined with cream, and the 
back surface of the bandage combined with the metal plate. The interpretation for this 
is that the bandages were attached directly to the metal plate that has been used as a 
surrogate to the body surface, and this means that there is no separation distance 
between the back surface of the bandage and the metal plate; the system will not be 
able to resolve the two surfaces.  
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The measurements performed on Flamazine cream, Savlon cream, and Sudocrem 
indicate that the attenuation of the cream increases with the frequency and the 
thickness of the cream layer. Attenuation measurements show also that different cream 
has different attenuation and this is due to the dielectric properties and the water 
content that vary from cream to cream. Although the attenuation effect of the cream 
indicate a limiting factor as it confirms that MMW radiation is highly attenuated 
especially when the cream layer thickness is increased significantly between 1.5 mm 
to 2.0 mm. However, reflection measurements performed on dressing materials 
samples coated with a cream layer and water indicate that it is possible to sense 
features under the cream and the water as the metal plate is seen through a wet bandage 
and bandages coated with different types of creams.  
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6.5 Conclusions  
A mono-static radar system with 25.0 GHz bandwidth and 8.0 mm spatial resolution 
was characterised to measure the propagation path length of dressing materials and 
hand support cast. The system was calibrated using known targets with known 
reflection properties such as; 1) a large flat metal plate, and 2) a wall of microwave 
foam absorber.  The calibration measurements of the metal plate were used for 
deconvolution and dispersion compensation. The calibration measurements of the 
foam absorbing materials were used for internal reflection removal.  
In this research, the attenuating effect of bandages and creams applied to burn wounds 
was measured experimentally. The measurements indicate that adding a cream layer 
to the bandages increases the reflection.  Reflection peaks produce in the time domain 
result from reflections from the surfaces of the samples and discontinuities in dielectric 
properties. For in vivo measurements applied on biological tissue; the cream will be 
absorbed through the skin and this will increase the hydration level of the skin and as 
a result this makes a clear signature that can be detected and measured using either 
active or passive system.   
The measurements of wet bandages confirm that water is highly reflective and 
absorbing to MMW radiation. This fact might be useful for identifying a non-healing 
status of a burn wound, as such a condition results in exudates from the skin.  
The measurements indicate that there is a signature for each type of dressing materials 
and this signature varies with the state of the bandage (dry, wet, and with a layer of 
cream). These signatures suggested that active MMW radar might be an effective tool 
for monitoring the wound healing process under dressing materials, without their 
often-painful removal, and without having direct contact with the human body. The 
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following chapter demonstrates the feasibility of imaging burns under dressing 
materials using both passive and active imaging systems. 
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Chapter 7 
Passive and Active Millimetre Wave Scanners for Burn 
Wound Diagnostics  
This chapter presents experimental images obtained from passive (radiometric) and 
active (radar) scanners measuring human hands and porcine skin samples. In vivo 
experimental images obtained from the human hands using the passive scanner reveal 
that passive imaging is capable of sensing surfaces attached to the human hand, and 
more importantly can detect structural deformations to the body under dressing 
materials. Experimental images obtained from porcine skin samples using both 
passive and active scanners reveal that active (15-40) GHz and passive                       
(232-268) GHz millimetre wave imagers can be used for diagnosing burns and for 
potentially monitoring the healing under dressing materials.           
7.1 Introduction  
Imaging for medical applications over the MMW band can be implemented passively 
(radiometrically), where the natural thermal radiation emitted and reflected by the 
object is used or actively (radar), where the transmitter provides artificial MMW 
radiation to illuminate the subject and the image is formed from the reflected radiation 
[168]. Passive MMW images are free from artefacts such as speckle and glint as the 
illuminating radiation from the human body and the environment is spatially 
incoherent [201]. On the other hand, active imaging systems (using a spatially and 
temporality coherent illumination source) have the advantage of higher penetration 
capability, enabling probing to greater depths in less transmissive media [171]. 
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Therefore, in this research both active and passive MMW imaging systems are used 
to assess the feasibility of detecting burns under dressing materials.  
7.2 Imaging Radiometer  
In general, the main elements of an imaging radiometer are: 1) a high gain antenna,   
2) multiple receivers, 3) high-speed scanner, 4) focusing elements such as lenses and 
mirrors, and 5) data processing software with a display [224].   
A single channel radiometer can either be superheterodyne or direct detection receiver. 
The imaging radiometer consists of multiple independent channels of a single channel 
receiver.  These channels gathering the data to be combined into a single image [224, 
225]. The minimum detectable radiation temperature of the radiometer (thermal 
sensitivity) can be calculated using the radiometer equation (Equation 4.1) that has 
been discussed in chapter 4.  
7.2.1 Lenses and Mirrors    
Focusing on elements such as mirrors and lenses are used in an imaging radiometer to 
achieve high-quality images. In general, mirrors are better at focusing than lenses as 
they result in fewer optical aberrations [224]. The focal length of a thin lens      
(thickness <<curvature of the lens surface) can be calculated using the distance from 
the object to the lens, 𝑑1 and the distance from the lens to the image, 𝑑2 as [67]:  
1
𝑓
=
1
𝑑1
+
1
𝑑2
                                                                                                                         (7.1) 
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For an imaging system with a single lens. Positive magnification means a virtual 
image. Whereas, negative magnification means a real inverted image. The 
magnification factor is defined as the ratio between the sizes of the image to that of 
the object as [226]: 
𝑙 = −
𝑑2
𝑑1
                                                                                                                                (7.2) 
7.2.2 Depth of Field and the Field of View  
The depth of field (DoF) is defined as the span of range over which an object remains 
in focus. The theoretical DoF can be calculated from the operating wavelength of the 
system 𝜆, the distance from the imager R,  and the diameter of the aperture lens D, as 
[224, 227]: 
𝐷𝑜𝐹 = 4𝜆 (
𝑅
𝐷
)
2
                                                                                                                  (7.3) 
The angular field of view (AFoV) is defined as the angle in degrees through which the 
optical device can collect electromagnetic radiation as illustrated in Figure 7.1. The 
captured area of an optical system is directly proportional to the AFoV that can be 
calculated from the sensor height ℎ, and the focal length of the optical lens 𝑓, as [228]: 
𝐴𝐹𝑂𝑉 = 2 tan−1(ℎ/2𝑓)                                                                                                 (7.4) 
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 The spatial field of view (SFoV) is another important parameter that is measured the 
maximum size of an object that can be completely observed through an imaging 
system located at a fixed position. The theoretical spatial field of view in a unit of 
length can be calculated using the AFoV, and the working distance L as [228]:   
𝑆𝐹𝑜𝑉 = 2𝐿 tan (
𝐴𝐹𝑜𝑉
2
)                                                                                                   (7.5) 
Figure 7.1: Illustration of the field of view and the angle of view for an imaging system 
[229]. 
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7.2.3 Near Field and Far Field Regions  
Electromagnetics field regions are classified into three types; 1) reactive near-field 
region, 2) near-field region (Fresnel), and 3) far-field region (Fraunhofer) as illustrated 
in Figure 7.2:  
 
Figure 7.2: Illustration of the near and the far field regions of the EM radiation [230]. 
The field regions were identified based on the field characteristic and the distance limit 
that identifies the boundary limits between the three regions. The distance limit 
between the near field and the far field regions is identified by Fraunhofer [231] as: 
𝑅𝑓(𝑛𝑒𝑎𝑟 𝑓𝑖𝑒𝑙𝑑) <
2𝐷2
𝜆
                                                                                                     (7.6) 
𝑅𝑓(𝑓𝑎𝑟 𝑓𝑖𝑒𝑙𝑑) >
2𝐷2
𝜆
                                                                                                       (7.7) 
 Where, 𝜆 is the wavelength, and 𝐷 is the maximum dimension of the antenna. The 
measurements conducted in this research were performed in the near field zone where 
the distance from the imager, Rf is less than 2D
2/λ. 
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7.2.4 Diffraction Limits and Resolution  
The resolutions limits (angular and spatial) are identified using different assumptions 
and approaches introduced by Rayleigh [67, 232, 233], Abbe [67, 169, 170], and 
Sparrow [67]. These approaches are summarised in Figure 7.3: 
 
Figure 7.3: Different resolution limits identified by Rayleigh, Abbe, and Sparrow. The 
resolution limit can also be defined as a full width at half maximum (FWHM) or a 1/e2 
width [234]. 
According to the Rayleigh criterion, the theoretical angular resolution, 𝜃min in radians 
for an imaging radiometer (incoherent) can be expressed in terms of the system 
wavelength, 𝜆 and the diameter of the aperture lens, D as [232, 233, 235]:  
𝜃min = 1.22
𝜆
𝐷
≈
𝜆
𝐷
                                                                                                           (7.8) 
The wavelength of the dielectric materials 𝜆  can be calculated as [67]:  
𝜆 =
𝜆𝑜
𝑛
=
(
𝑐
𝑓)
𝑛
                                                                                                                    (7.9) 
Where, 𝜆𝑜 is the wavelength in free space, 𝑛 is the refractive index of the dielectric 
material, 𝑐 is the speed of the light, and 𝑓 is the operating frequency.  
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Equation (7.8) indicates that the Rayleigh angular resolution limit can be enhanced 
either by decreasing the operating wavelength or by increasing the diameter of the 
aperture. Small wavelengths can be obtained by using higher frequencies and in the 
MMW band, this generally increases the cost. Large aperture is based on the system 
and its applications. Therefore, it might not possible to increase the diameter of the 
aperture [225].  
Although, Rayleigh angular resolution limit is well known and it is the same for both 
coherent and incoherent sources. However, it is not fit for all circumstances and 
therefore, Sparrow resolution limit is used as an alternative and it can be expressed as 
[235]: 
𝜃min (𝑖𝑛𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡) = 0.95
𝜆
𝐷
                                                                                        (7.10) 
𝜃𝑚𝑖𝑛(𝑐𝑜ℎ𝑒𝑟𝑒𝑛𝑡) = 1.46
𝜆
𝐷
                                                                                            (7.11) 
The physicist Ernst Abbe identified the microscopic spatial resolution limit for an 
optical system, 𝑟𝑚𝑖𝑛 (measured in a unit of length) by using the following formula  
[169, 170, 235]:  
𝑟𝑚𝑖𝑛 =
𝜆
2𝐷
  ≈
𝜆
2
                                                                                                               (7.12) 
Abbe’s resolution limit is proportional to the wavelength, so better resolution are 
possible at shorter wavelengths. As an example of this, is using the half the wavelength 
(λ/2). In this case, the resolution limit of the system becomes (λ/4). For a non-coherent 
source, the resolution limit is greater by a factor of two compared to the coherent 
system [236]. 
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7.3 Synthetic Aperture Radar  
Synthetic aperture radar (SAR) is a coherent imaging technique that uses a moving 
antenna to scan in one or two dimensions, creating two-dimensional (2D) or             
three-dimensional (3D) images. The spatial resolution can be high as it is 
commensurate with the length of the scanned baseline. In the SAR imaging system, 
the radar beam is focused on one patch and the reflected radiation from the target are 
collected to create a high-resolution image from a large synthetic aperture. This 
aperture can be obtained from a moving antenna with small physical aperture. The 
data obtained from SAR imaging system can be processed using either the IFFT 
algorithm or a SAR algorithm [138, 205, 237].  
The SAR image processing algorithms are used to generate high-quality images. In 
general, the obtained images consist of; desired information, artefacts from signal 
processing, and unwanted echoes (clutter and speckle). In order to obtain a deeper 
understanding of these images, it is essential for the user to identify artefacts that 
manifestations of the technique and that are not present in the target. Effects such as 
speckle and multipath can generate non-real artefacts and these contribute to clutter in 
the image.  In the experimental work conducted in this research, the measurements 
were performed indoors, in an anechoic environment. This minimises the multipath 
reflections and so helps to reduce the clutter. Furthermore, the images obtained in this 
research are compared with optical photos of the samples, so artefacts in the SAR 
images can be identified.   
The SAR system has the advantage of high penetration capability compared with 
passive imaging system [171]. This is achieved by having control over the power level 
and the coherence of the illuminating source. However, the system should provide a 
balance between the penetration depth and the power level safety limits.   
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7.3.1 Active Imaging Reconstruction Criteria 
In the SAR system, the sample is illuminated by spatially and temporally coherent 
microwave radiation, the complex reflected signal (amplitude and phase) is used to 
form a focused image using image reconstruction algorithms. Alias-free image 
reconstruction requires the reflected radiation to be sampled spatially and temporally 
according to the Nyquist criterion. This can be achieved if the phase shift between any 
two successive points is less than 𝜋 in radian. The spatial sampling interval ∆𝑆, can be 
expressed in terms of the operating wavelength 𝜆 as [238, 239]:  
∆𝑆 <
𝜆
4
                                                                                                                                (7.13) 
Temporally satisfying the Nyquist criterion is governed by sampling in the frequency 
domain in the VNA.  In the frequency domain, the sampling interval is defined by the 
interval frequency that brings the phase shift between any two successive frequencies 
to be less than 2𝜋  radian, as the obtained data consists of real and imaginary part. The 
frequency sampling interval Δ𝑓, then defines the maximum target range, 𝑑𝑚𝑎𝑥 as 
[238]:  
Δ𝑓 =
𝑐
4𝑑𝑚𝑎𝑥
                                                                                                                      (7.14) 
Equation (7.14) can be written in terms of the number of samples 𝑁 for a given 
bandwidth 𝐵𝑊 as [238]:  
N >
2𝑑𝑚𝑎𝑥
(
𝑐
2𝐵𝑊)
      𝑜𝑟     𝑁 >
2𝑑𝑚𝑎𝑥
𝑅𝑎𝑛𝑔𝑒 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 
                                                       (7.15) 
Equation (7.15) indicates that two frequency samples are required per a range 
resolution. The range resolution of the radar system in dielectric medium 𝑅 is: 
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𝑅 = (
𝑐
2𝑛𝐵𝑊
)                                                                                                                    (7.16) 
Where n is the refractive index of the medium. 
7.3.2 Cross Range Resolution 
For a three-dimensional imaging system, the cross-range resolution in x, y, and z 
directions are diffraction limited and they can be identified using polar coordinates as 
illustrated in Figure 7.4: 
 
Figure 7.4: illustration of cross range resolutions in x, y, and z directions in polar 
coordination [238].  
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The cross range resolution in the x-direction can be calculated using the wave number 
at the centre frequency 𝜆𝑐, and the angle subtended by the aperture 𝜃𝑏 as [238]: 
𝛿𝑥 ≈
𝜆𝑐
4 sin (
𝜃𝑏
2 )
                                                                                                                (7.17) 
The cross range resolution in the y-direction is approximately similar to that in the       
x-direction.   
𝛿𝑥 ≈ 𝛿𝑦 ≈
𝜆𝑐
4 sin (
𝜃𝑏
2 )
                                                                                                      (7.18) 
The cross range resolution in the z-direction can be expressed in terms of the 
wavenumbers at the high frequency k2 and the wavenumber at the low frequency k1 as 
[238]:  
𝛿𝑧 ≈
2𝜋
2(𝑘2 − 𝑘1)
=
𝑐
2𝐵𝑊
                                                                                               (7.19) 
Where, BW is the temporal bandwidth of the imaging system.    
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7.3.3 Clutter and Speckle in Radar Imaging  
Clutter is defined as anything that is not the target and is usually generated by 
unwanted echoes returned to the radar system from objects in the scene as illustrated 
in Figure 7.5; it degrades the quality of the target image and makes it more difficult to 
interpret. Clutter appears randomly distributed and according to the source of clutter, 
it is divided into volume and surface distribution clutter [138, 240].  
 
Figure 7.5: Different sources of clutter and anomalies in radar imaging system [241]. 
Using the radar range equation, the received power 𝑃𝑟 is [240]: 
𝑃𝑟 = (
𝐺𝑃𝑡
4𝜋𝑅2
) 𝜎 (
𝜆2𝐺
(4𝜋)2𝑅2
) . (
1
𝐿𝑠
)                                                                                (7.20) 
Where, λ is the wavelength of the radar signal in meter, R is the target range in meter, 
𝜎 is the radar cross section (RCS) measured in meter square,  𝐿𝑠 is the total loss factor 
in the radar system, 𝐺 is the gain of the transceiver antenna, and 𝑃𝑡 is the transmitted 
power in Watt.  
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Clutter echoes contribute to the received power level. Therefore, in the case of volume 
distribution clutter the received power is [240]:   
𝑃𝑟 = (
𝐺𝑃𝑡
4𝜋𝑅2
) . (𝜎𝑐𝑉) (
𝜆2𝐺
(4𝜋)2𝑅2
) . (
1
𝐿𝑠
)                                                                      (7.21) 
Where, 𝜎𝑐 is a constant quantity that presents the average volume distributed clutter  
cross section per unit volume, and 𝑉 is the volume of the radar resolution cell and it 
can be expressed as [240]: 
𝑉 = {𝜋𝑅2 (
∆𝜃
4
) (
∆𝜙
2
)} . (
𝑐𝜏
2
)                                                                                        (7.22) 
Where, ∆𝜃 and ∆𝜙 are represent the half power beamwidth of the main antenna beam 
in elevation and azimuth directions respectively, 𝑐 is the speed of the light, and 𝜏 is 
the width of the transmitted pulse.  
Equations (7.21 and 7.22) indicate that the volume clutter increases with 𝑅2. However, 
in surface clutter the received power is [240]:  
𝑃𝑟 = (
𝐺𝑃𝑡
4𝜋𝑅2
) . (𝜎𝑜𝐴) (
𝜆2𝐺
(4𝜋)2𝑅2
) . (
1
𝐿𝑠
)                                                                     (7.23) 
Where, 𝜎𝑜 is a constant quantity that represents the average backscatter cross section 
per unit area of the ground, and 𝐴 is the surface area and it can be expressed as [240]: 
𝐴 = (𝑅∆𝜙). (
𝑐𝜏
2
)                                                                                                              (7.24) 
Equations (7.23 and 7.24) indicate that the surface clutter of the radar system is 
directly proportioned to the radar range 𝑅. Increasing the range of the radar system 
increases both the volume (𝑉 𝛼 𝑅2) and the surface clutter (𝐴 𝛼 𝑅).   
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In modern radar systems, clutter can be reduced by using matched filters, which 
through a convolution optimise the signal noise ratio [240].  
The unwanted spatial variations of brightness across an image generated using 
coherent illumination can be caused by speckle; this is a result of constructive and 
destructive interference from the coherent source. Speckle should not be confused with 
noise. Speckle is usually most noticeable at limits close to the spatial resolution [138]. 
In SAR imaging, speckle can influence image interpretation, and therefore speckle 
filtering algorithms are suggested to be used to reduce the speckle noise and to provide 
better image interpretation and understanding [242].  
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7.4 Experiment 1: In Vivo Passive Sensing and Imaging Using the         
ThruVision 250 GHz Imager  
The objectives of this experiment are highlighted as follows: 
 To demonstrate the capability of the passive MMW imaging system for 
monitoring changes in human skin in dry, wet and with cream states under 
dressing materials. 
 To demonstrate the capability of the passive MMW imaging system for 
detecting missing parts of the human hand under dressing materials.   
 7.4.1 Frequency Band (232-268) GHz  
The measurements in this research were conducted using a ThruVision passive imager 
centred ~250 GHz (an existing system in the lab). The frequency band (232-268) GHz 
is not the optimal band for sensing and imaging through dressing materials, due to the 
lower penetration capabilities ~0.238 mm [24] and higher absorption compared with 
the lower frequency bands (30 GHz and 90 GHz). However, the experimental results 
indicate that the system provides useful information in the measurements of burns 
under dressing materials. A capability that makes the whole MMW band (30-300) 
GHz is feasible to be used for the purposes of this research.      
7.4.2 Participants  
The measurements in this research were conducted on two healthy participants; female 
(33 years) and male (36 years) having Asian ethnicity (Middle Eastern) with no history 
of skin disease.  
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7.4.3 Experimental Setup and Description  
A ThruVision passive imager having a centre frequency of 250 GHz and a bandwidth 
of 36 GHz (type: TS4, manufacturer: Digital Barriers) [243] is used to scan images 
from the palm of the hand skin with and without dressing materials. These 
measurements are made when the hand is in the wet and dry state, and with a layer of 
a medicinal cream applied. The imager is sensitive over the band (232-268) GHz and 
has a primary lens diameter of 175.0 mm and a measured depth of field of 200 mm. 
The imager has an operating wavelength of 1.2 mm and a spatial resolution of 5.5 mm. 
The imager consists of a TS4 unit and a laptop as illustrated in Figure 7.6. The imager 
requires around 10 minutes of warm-up time. The TS4 unit is connected through an 
Ethernet cable to a laptop and the data transfer from the TS4 unit to the laptop and 
vice versa. The images were displayed on the screen of the laptop using a ThruViewer 
software, and they were saved in screenshots format to be processed later using the 
Matlab programme.  
 
Figure 7.6: A ThruVision 250 GHz passive imager comprises a TS4 unit, a CCTV 
camera, a thermal imaging window, and a laptop with a ThruViewer software.    
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7.4.4 Methodology of Conducting the Experimental Work  
This section discusses different methodologies used for scanning passive images of 
the palm of the hand skin in vivo with and without the presence of dressing materials 
in the near-field region. Images were scanned for the skin in normal, wet and with 
cream states.   
7.4.4.1 Methodology 1: Normal Skin  
The subject hand in the normal state was located over a distance of ~ 800 mm from 
the imager. This distance was chosen since it is within the depth of field and the range 
of the imager (range ~1000 mm). The system forms images from the thermal emission 
(intensity of radiation) emitted from the human hand directly. These images were 
displayed on the screen of the laptop using a ThruViewer software and they were saved 
to be processed using the Matlab programme.  
In the next step, dressing materials (type: light support bandage) were placed on the 
hand. Images were then compared with the normal unbandage skin. The 
thermodynamic temperature of the skin was measured experimentally many times 
during the experimental work using both an infrared thermometer and a thermocouple.   
7.4.4.2 Methodology 2: Wet Skin  
For wet skin, the palm of the hand was placed inside a bowl of water for ~3.0 seconds 
(soaking wet) and then methodology 1 was applied to scan images for the wet skin 
with and without the presence of light support bandage. The temperature of the skin 
was measured experimentally before and after the application of water.  
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 7.4.4.3 Methodology 3: Skin with Cream 
 For the skin with cream, the hand was placed on a flat table and a thin layer of cream 
was equally distributed on the palm of the hand skin. Then methodology 1 was applied 
to scan images for the hand with and without the presence of a light support bandage. 
The thermodynamic temperature of the skin was measured experimentally before and 
after the application of the cream.  
7.4.5 Data Processing  
Experimental images obtained via the ThruViewer software [243] were saved as 
screenshots in portable network graphic format (.png). This format was chosen as it 
allows the user to access the images without the presence of the ThruViewer software. 
The images were read using imread function implemented in Matlab programme. Then 
colour bars were inserted for assigning the thermodynamic temperature of different 
parts of the images (i.e. skin, background….etc.). The temperature measurements were 
made during the experimental work using an infrared thermometer. This type of 
thermometer was chosen as it can provide precise measurements of the surface 
temperature of the skin.      
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7.4.6 Experimental Results  
The measurements  obtained from experiment 1 are divided into three parts: 1) 
measurements of the depth of the field of the imager, 2) measurements obtained from 
the palm of the hand with skin under normal conditions, in a wet state and with various 
medicinal creams applied with and without the presence of dressing materials, and 3) 
measurements obtained from the palm of the hand skin in its normal state with and 
without dressing materials to identify the missing finger of the hand.    
7.4.6.1 Initial Measurements  
The measurements were conducted indoor in an anechoic environment at a room 
temperature of ~22 oC. The system output was assumed to be linear; as the lower 
colour in the temperature scale represents the lower temperature (blue) and the higher 
colour in the temperature scale (red) represents the higher temperature as illustrated in 
Figure 7.7.  
The depth of field of the imager was measured using a cup of hot water having a 
temperature of ~70 oC. Initially, the cup was located close to the imager and then it 
was moved backward gradually in a straight line until the image of the cup is seen 
clearly and sharply for the first time as illustrated in Figure 7. 7a. Then the cup was 
moved further until the point where the image is seen and any further movement after 
that will affect the image of the cup. The difference in distance between the two 
measurements indicates that the depth of field of the imager is ~ 200 mm. These 
measurements were repeated five times and similar results were obtained with a 
standard deviation of ~12.5 mm. These results are closed to the theoretical depth of 
field result that is calculated to be ~157 mm using Equation (7.3). 
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Figure 7.7: Measurements for the depth of the field of the imager using a cup of hot 
water ~70 oC; a) represents an image in the depth of field region, and b) represents an 
image out the depth of the field region. 
7.4.6.2 Images for the Human Skin at Different States 
A ThruVision passive imager operating over the band 232 GHz to 268 GHz is used 
for scanning in vivo images for a female participant on the palm of the hand region. 
The images were taken for the hand in normal, wet, and with cream states with and 
without dressing materials.  
7.4.6.2.1 Normal Skin and Wet Skin                                                              
Measurements of the normal and wet palm of the hand skin were performed using 
methodology 1 and methodology 2 described in sections 7.4.4.1 and 7.4.4.2 
respectively. The images obtained were processed using Matlab programme as 
illustrated in Figure 7.8.    
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Figure 7.8: MMW images for the palm of the hand skin in normal and wet state for a 
female participant at 250 GHz; a) represents normal skin without dressing materials, 
b) represents normal skin with dressing materials, c) represents wet skin without 
dressing materials, and d) represents wet skin with dressing materials. 
 
 
247 
 
The measurements in Figure 7.8 indicates that the human hand can be seen through 
dressing materials in dry and wet states. The temperature for the palm of the hand skin 
was measured to be ~ 32 oC in a normal state and the ambient temperature was 
measured to be ~22 oC. Image (a) represents the palm of the hand skin in a normal 
state, the maximum temperature contrast between the palm of the hand skin and the 
surrounding background with its effective temperature related with air temperature 
can be seen effectively in this case. The emissivity and the reflectance for the palm of 
the hand skin are calculated to be 0.78 and 0.22 respectively. These values are 
calculated using the dielectric properties of the skin and the half space 
electromagnetics model [124]. 
 
Image (c) represents the palm of the hand skin in a wet state; the thermodynamic 
temperature for the wet palm of the hand skin was measured to be ~ 30 oC. In this case, 
the reflectance of the skin increases due to the high dielectric constant of the water in 
the MMW band [26, 164]. This increase is estimated to be ~ 0.15 [164]. Using the law 
of conservation of energy, the emissivity of the skin decreases to ~0.63 (ε=1-R). By 
comparing image (a) with the image (c), it can be seen that the layer of water can be 
detected and observed passively.   
Image (b) represents the hand in a normal state with dressing material. In this case 
there is a reduction in the contrast relative to image (a) because of additional 
absorption from dressing materials and the radiation from the textile materials, but 
because of the high porosity of the dressing material, the effective temperature is 
between the air temperature (~22 oC) and the skin temperature (~30 oC). The 
distribution of the emissivity, in this case, is more uniform compared with the case of 
wet skin in the image (c).  
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In the case of wet hand with dressing material, image (d), the image shows a reduction 
in the contrast relative to the image (b) because of additional water layer present on 
the palm of the hand skin and this makes the dressing materials partially wet. 
Therefore, the reflectivity of the hand and dressing materials are higher and this makes 
a significant reduction in the total emissivity.     
7.4.6.2.2 Normal Skin and Skin with Creams  
In medical applications, creams are used widely in the treatments of burns and injury. 
Therefore, this part presents in vivo images taken for the human skin in a normal state 
and with cream applied. Two types of creams were used, Savlon and Sudocrem. The 
measurements were performed using methodology 1 for normal skin (described in 
section 7.4.4.1) and methodology 3 for the skin with cream (described in section 
7.4.4.3). The images obtained from Savlon cream and Sudocrem were processed in 
the Matlab programme and the results obtained are presented in Figures (7. 9 and 7.10) 
respectively.    
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Figure 7.9: MMW images for the palm of the hand skin of a female participant at 250 
GHz; a) represents normal skin without dressing materials, b) represents normal skin 
with dressing materials, c) represents skin with Savlon cream, and d) represents skin 
with both Savlon cream and dressing materials. 
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The measurements in Figure 7.9 show that adding a layer of Savlon cream on the skin 
surface decreases the temperature of the skin by 2.0 oC and increases the reflectivity 
of the skin significantly. The increase in the reflectivity of the skin is influenced by 
the water content of the cream, the dielectric properties of the cream, and the thickness 
of the cream layer as discussed in chapter 6 (section 6.3.4). The measurements also 
indicate that the human hand can be seen through light support bandage and Savlon 
cream.  
Experimental images obtained from Sudocrem in Figure 7.10 are not dissimilar to 
those obtained from water and Savlon cream. These measurements confirm that the 
human hand can be seen through a cream layer and light support bandages. The 
measurements also show a contrast between normal skin and skin with water and 
cream. These measurements indicate there is a capability for measuring skin burns and 
injury under bandages using a passive MMW imager.     
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Figure 7.10: MMW images for the palm of hand skin for the female participant at 250 
GHz; a) represents normal skin without dressing materials, b) represents normal skin 
with dressing materials, c) represents skin with Sudocrem, and d) represents skin with 
both Sudocrem and dressing materials. 
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7.4.6.2.3 Passive Imaging for Detecting Missing Parts  
The measurements in this section were conducted on a male participant having a 
missing finger on his right hand. The measurements were conducted on the hand with 
and without dressing materials as illustrated in Figure 7.11.  
 
Figure 7.11: MMW images from the palm of the hand skin for a male participant;              
a) represents the hand without dressing materials, and b) represents the hand with a 
light support bandage. 
The measurements in Figure 7.11 indicate that passive MMW imager can detect a 
missing finger under dressing materials without the necessity of dressing removal and 
in non-contact with the human body. These measurements open a new window of 
research in medical applications; this being the identification of injuries and 
monitoring of the healing progress of the burn wound.  
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7.5 Experiment 2: Burn Detection Using the ThruVision 250 GHz 
Imager  
This experiment aims to scan images for porcine skin samples before and after the 
application of localised heat treatment with and without the presence of dressing 
materials using a 250 GHz ThruVision passive imager. The experimental setup for this 
experimental work is similar to that described in experiment 1 (section 7.4.3).  
7.5.1 Porcine Skin Samples  
Four fresh porcine skin samples were taken from different regions of the animals and 
measured in this experiment.  The study was approved by the ethics committee of 
Manchester Metropolitan University (ethics reference no: SE1617114C). A copy of 
the ethical approval is attached in Appendix B.  
7.5.2 Methodologies Applied on Porcine Skin Samples  
This section discusses different methodologies applied on porcine skin samples for 
scanning images before and after the applications of localised heat treatments with and 
without the presence of dressing materials.   
 7.5.2.1 Methodology 1: Skin without Burns  
The porcine skin sample was located over a digital hotplate (described in chapter 5 in 
section 5.4.2) and left to be heated and stabilised to 36.0 oC. Then the sample was 
placed on a white Polystyrene flat plate (length= 400 mm, and width=300 mm). The 
Polystyrene plate combined with the sample was located vertically over a distance of 
800 mm from the passive imager. Images of the skin were obtained using either 
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screenshots or video recording options from the ThruViewer software. The skin 
surface temperature of the sample was measured using an infrared thermometer.   
In the case of skin with dressing materials, a similar methodology was applied to the 
sample. However, the dressing materials are located over the sample when the sample 
was located over the digital hotplate. This means that the thermodynamic temperature 
of the sample is stabilised to 36.0oC with the presence of different types of dressing 
materials. This is minimised the variation in the thermodynamic temperature of the 
skin as a result of adding extra dressing materials layers.       
7.5.2.2 Methodology 2: Skin with Burns 
The sample was located over a digital hotplate and left to be heated and stabilised to 
36.0 oC. Then contact burns were applied using a heat control metal plate. The plate 
was heated to 100 oC and placed directly on the skin surface for a period of 15 seconds 
with a constant pressure. In this experimental work, single and multiple burns were 
applied on the sample. Then the sample was placed on a white Polystyrene flat plate. 
The plate combined with the sample was located vertically over a distance of 800 mm 
from the passive imager. Images of the skin were obtained using either screenshots or 
video recording options via the ThruViewer software. The skin surface temperature of 
the sample was measured using an infrared thermometer.   
Then dressing materials were placed on the burn-damaged skin and images were 
obtained using the methodology described above. 
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7.5.3 Data Processing   
Experimental images obtained via the ThruViewer software were saved as screenshots 
in (image.png) format. The images were read using imread function implemented in 
Matlab programme. Then colour bars were inserted for assigning the thermodynamic 
temperature of different parts of the images (i.e. skin, burns, and background) and then 
the images were displayed in the final format.   
7.5.4 Porcine Skin Measurements 
Images obtained from this experiment were divided into three parts; 1) images for the 
skin (unburned skin) with and without the presence of dressing materials, 2) images 
for the burn-damaged skin without dressing materials, and 3) images for the burn-
damaged skin with the presence of dressing materials.    
7.5.4.1 Skin without Burns  
Experimental images for porcine skin sample (length= 140 mm, and width= 110 mm) 
without burns were performed using methodology 1 described in section 7.5.2.1. The 
measurements were obtained at a room temperature of ~22 oC whilst the skin surface 
temperature was 36 oC. Different types of dressing materials were applied to the skin 
and images were obtained and processed using Matlab programme as illustrated in     
Figure 7.12.    
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Figure 7.12: MMW images for porcine skin sample at 250 GHz; a) represents the skin 
without dressings, b) represents the skin with one layer light support bandage,                
c) represents the skin with 10-layers white gauze burn bandage, and d) represents the 
skin with 4-layers blue gauze burn bandage. 
 
 
 
257 
 
Experimental images in Figure 7.12 indicate that the skin of the porcine sample is seen 
through different types of dressing materials having different thicknesses                         
(thin dressings such as a single layer light support bandage in the image (b) and thick 
dressings such as a 10-layer gauze burn bandage in image (c)).   
7.5.4.2 Skin with Single and Multiple Burns  
Images for porcine skin samples with single and multiple burns were performed using 
methodology 2 described in section 7.5.2.2. The measurements were applied on two 
samples; sample 1 (length= 160 mm, and width= 110 mm) and sample 2 (length= 110 
mm, and width= 100 mm). Images were obtained at a room temperature of ~22 oC and 
they were processed using the Matlab programme as illustrated in Figure 7.13.   
Images in Figure 7.13 indicate that passive MMW imaging system is capable of 
detecting burns and identifying the location of the burns (middle or edge) as illustrated 
in images (a, b, c, and d). The images also indicate that the passive imager is capable 
of distinguishing between the skin with burns (red colour) and the skin without burns 
(white or yellow colour). The radiation temperature of the skin is directly proportional 
to the emissivity of the skin and the thermodynamic temperature of the skin (𝑇𝑅 =
𝜀𝑇). Therefore, it is reasonable to assume that the radiation temperature of the skin 
with burns is equal to the thermodynamics temperature ~60 oC (or 333 K) as the 
emissivity of the porcine skin with burns is estimated to be ~1.0 at 250 GHz using the 
half space model [124].   
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Figure 7.13: MMW images for porcine skin samples at 250 GHz; a) represents the 
skin with one burn, b) represents the skin with two burns, c) represents the skin with 
three burns, and d) represents the skin with four burns. 
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7.5.4.3 Skin with Burns and Dressing Materials  
Images for porcine skin samples with burns and dressing materials were performed 
using methodology 2 described in section 7.5.2.2. The measurements were applied on 
two samples having multiple burns. Images were obtained at a room temperature of 
~22 oC before and after the dressing materials were placed on the sample as illustrated 
in Figure 7.14.  
Images in Figure 7.14 indicate that thermal burns can be detected and identified under 
dressing materials without them being removed; as similar images obtained from the 
samples with dressings compared with those without dressings. The images also 
indicate that passive imaging systems can distinguish between the unburned skin 
(white or yellow colour) and the burn-damaged skin (red colour) with the presence of 
dressing materials. A capability that might be used for monitoring the burn wound 
healing progress.   
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Figure 7.14: MMW images for porcine skin samples at 250 GHz; images in (a) and 
(c) represent the skin with burns and without dressing materials. Whereas, images in 
(b) and (d) represent the skin with burns and 10-layer gauze burn dressing materials.  
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7.6 Experiment 3: Burn Wound Diagnostics Using Active 
Microwave Scanner  
This experiment aims to assess the feasibility of using the active microwave and 
MMW scanners to detect burns under dressing materials over the band (15-40) GHz. 
7.6.1 Frequency Band (15-40) GHz 
The active scanner presented in this research is an ideal system for investigating the 
plane surfaces such as the skin. The scanner effective over the band (15-40) GHz. This 
band provides wavelengths in the range of 7.5 mm to 20.0 mm and a range resolution 
of 6.0 mm or less based on the medium. The penetration depth of the radiation over 
this band is ranging between ~0.7 mm (at 40 GHz) to ~2.0 mm (at 15 GHz) [22]. These 
characteristics make the active scanner a good candidate to penetrate dressing 
materials and to detect features of the skin under dressings. The penetration depth of 
the millimetre wave radiation in the human skin as a function of frequency is 
illustrated in Figure 2.2 (chapter 2, section 2.4).  
7.6.2 Porcine Skin Samples  
Two fresh porcine skin samples were used for scanning images of the skin with and 
without the presence of dressing materials and before and after the application of 
localised heat treatments. The study was approved by the ethics committee of 
Manchester Metropolitan University (ethics reference no: SE1617114C). A copy of 
the ethical approval is attached in Appendix B.  
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7.6.3 Experimental Setup  
A two-dimensional imaging scanner combined with a Matlab programme was 
implemented, developed and patented by [208, 244, 245]. The scanner is effective 
over the band (15-40) GHz and it consists of a VNA that is used to illuminate the 
sample under test (in this research the skin) with coherent microwave radiation having 
a transmission power levels less than 1.0 mWatt. The VNA was connected through a 
high-frequency cable to a K-band horn antenna that is used for transmission and 
reception purposes (transceiver). The porcine skin sample was placed and aligned on 
a platform to be scanned. The transceiver horn antenna was moved mechanically to 
scan an image from the porcine skin sample by using two stepper motors. The motors 
were controlled via a Matlab programme and the scanner requires ~10 minutes to 
complete a full scanning cycle from each porcine skin sample. The data (complex 
scattering parameter S11) was obtained directly and saved to be processed later using 
the SAR algorithm implemented on Matlab by [238]. The front and the bottom view 
of the active scanner is illustrated in Figure 7.15. 
Figure 7.15:  The front view of the active microwave scanner (a) and the bottom view 
of the scanner (b). The scanner has 6.0 mm theoretical range resolution, 25.0 GHz 
bandwidth, and 256 frequency steps.  
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7.6.4 Methodology of Conducting the Measurements  
The complex scattering parameter, S11 for a flat foam background and a flat metal 
plate was initially measured without locating any skin sample on the scanner as part 
of a calibration process. These measurements were performed to cancel the internal 
reflection effect and to deconvolve the antenna response respectively.  
A sample of porcine skin was placed and aligned on the platform of the scanner. 
Initially, images were scanned from the skin without dressing materials. Then a five-
layer gauze burn bandage was placed on the skin surface and images were scanned for 
the skin with dressing materials. After that, a digital hotplate was heated to ~280 oC 
and the middle part of the porcine skin sample was placed in contact with the digital 
hotplate plate for 3.0 minutes to perform burn. Then the sample with burn was placed 
and aligned to be scanned.  After that, five-layer gauze burn bandage was placed over 
the skin with burn and images were scanned for the sample with the presence of 
dressing materials.  
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7.6.5 Data Processing  
The following block diagram summarises the methodology of data processing for 
experiment 3: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.16: A methodology applied to obtain an image from the active scanner [244].  
Read the data files (S11) for: 
The porcine skin sample (PSS)                            
The metal plate (MP)                                       
The foam absorber (FA) 
 
Generate a smooth version of the 
data using windowing function.  
 
 
 
 
 
 
 
 
Start End 
Convert the data of the skin from 
frequency domain into time domain by 
using the Inverse Fast Fourier Transform 
(IFFT). 
 
 
Using the smoothed function to 
calculate the intensity or the 
colour of the image at each 
pixel.  
 
Rescale the image by using 
imagesc function in Matlab.  
 
Display the image and 
compare the image with an 
actual photo of the skin. 
Perform deconvolution using the 
scattering parameters of the metal plate. 
 
Remove the internal reflection as follows:                               
S11_PSS_without internal reflection: 
{S11_PSS} – {S11_FA}     
S11_MP_without internal reflection: 
{S11_MP} – {S11_FA} 
 
Improve the obtained image   
by using SAR algorithm and 
interpolation. 
Step 1 
Step 2 
Step 3 
Step 4 
Step 5 
Step 6 
Step 7 
Step 8 
Step 9 
Step 10 
Step 12 
Take the absolute value of the (IFFT) and 
display the output of the skin in time 
domain.  
 
 
 
 
 
Step 11 
Store the data in a memory and 
represents it in a matrix format.  
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7.6.6 Experimental Results   
Images obtained from this experiment (i.e. experiment 3) were divided into four 
parts: 
 Images obtained from the skin without burns and without dressing materials. 
 Images obtained from the skin without burns and with dressing materials. 
 Images obtained from the skin with burns and without dressing materials. 
 Images obtained from the skin with burns and with dressing materials. 
7.6.6.1 Skin without Burns    
Experimental images for porcine skin sample (length=90 mm, and width=90 mm) 
without burns were obtained by using the active microwave scanner and the 
methodology described in section 7.6.4 and Figure 7.16.  
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Figure 7.17: Microwave images for unburned skin over the band 15-40 GHz; case (a) 
represents SAR microwave image 32 x 30 pixels for unburned skin obtained from the 
amplitude of S11, (b) represents the sample photo, (c) represents SAR microwave 
image with interpolation 249 x 233 pixels obtained from the amplitude of S11, and (d) 
represents SAR microwave image with interpolation 249 x 233 pixels obtained from 
the phase of S11.   
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Experimental images in Figure 7.17 indicate that active microwave scanner together 
with SAR algorithm is capable of scanning an image for the skin surface of the porcine 
skin sample using both amplitude and phase information of the measured scattering 
parameter S11. The obtained images from the amplitude measurements in (a) and (c) 
indicate that interpolation enhances the quality of the images significantly, as features 
on the skin surface can be seen such as edges, bends, and irregularities in the sample 
shape. The image obtained from the phase measurements in (d) is not dissimilar from 
that obtained from the amplitude measurements in (c). The phase image also indicates 
that the phase is ±𝜋 radian, this is equivalent to ±180 degree and this value is an 
indication of transferring from less condense medium (air) to an optically denser 
medium (in this case the skin) [67]. These results indicate that the two physical 
quantities (amplitude and phase) are rich in information.  
In an optical system, phase contrast microscopy is a technique for enhancing the 
contrasts of specimens that are close to transparent. The technique turns the phase shift 
into intensity so that images become easier to interpret. Therefore, this technique is 
used to obtain images from in vivo cellular structure [235, 246].  
7.6.6.2 Skin with Dressing Materials    
Experimental images for porcine skin sample (length=90 mm, and width=90 mm) 
covered with a five-layer gauze burn bandage were obtained by using the active 
microwave scanner and the methodology described in section 7.6.4 and Figure 7.16.  
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Figure 7.18: Microwave images for the skin with dressing materials over the band      
15-40 GHz; case (a) represents SAR microwave image 32 x 30 pixels for the skin with 
dressings obtained from the amplitude of S11, (b) represents SAR microwave image 
with interpolation 249 x 233 pixels obtained from the amplitude of S11, (c) represents 
SAR microwave image with interpolation 249 x 233 pixels obtained from the phase 
of S11, and (d) represents the skin photo.   
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Porcine skin images in Figure 7.18 indicate that active microwave radiation is capable 
of penetrating dressing materials as the skin surface is seen through a five-layer gauze 
burn bandage in images (a), (b), and (c). This can be observed by comparing the 
obtained images in (a), (b), and (c) with the photo of the sample before adding the 
dressing materials in (d). This comparison indicates that dressing materials are 
completely transparent (transmission in the range of 80% to 99% depending on the 
thickness of the bandage as discussed in chapter 5) to microwave radiation as the 
obtained images of the skin with dressing materials show clearly the skin. This 
indicates that active microwave radiation has a high penetration capability through 
dressing materials and as a result, this allows the scanner to form high-quality images 
that show small details in the skin surface of the sample such as edges and irregularities 
with the presence of dressing materials. The image obtained from the phase 
measurements in (c) is similar to that obtained from the amplitude measurements in 
(b).  
7.6.6.3 Skin with Burns    
Experimental images for porcine skin sample (length=120 mm, and width=70 mm) 
with burns were obtained by using the active microwave scanner and the methodology 
described in section 7.6.4 and Figure 7.16.  
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Figure 7.19: Microwave images for burn-damaged  skin over the band 15-40 GHz; 
case (a) represents SAR microwave image 32 x 30 pixels for the skin with burns 
obtained from the amplitude of S11, (b) represents the skin with burns photo, (c) 
represents SAR microwave image with interpolation 249 x 233 pixels for the skin with 
burns obtained from the amplitude of S11, and (d) represents SAR microwave image 
with interpolation 249 x 233 pixels for the skin with burns obtained from the phase of 
S11.   
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Experimental images in Figure 7.19 indicate that active microwave scanner is capable 
of distinguishing between the skin without burns (red colour) and the burn-damaged 
skin (yellow colour in the middle region). The mean reflectance of the skin without 
burns was found to be ~0.28. Whereas, the mean reflectance of the skin with burns 
was found to be lower by ~0.08. This is due to the burning process that evaporates 
water from the skin and thereby raising the emissivity of the burn-damaged skin to 
~0.8. The scanned images in (a) and (c) show the general shape of the sample and the 
width of the burn to be ~20.0 mm. This value is similar to the measured width of the 
burn (20.0 mm) that was administered by the localised heat treatment.  
The image in Figure 7.19 (d) is obtained from the phase information of the measured 
scattering parameter S11. This image looks different compared with the images 
obtained from the amplitude measurements in (a) and (c), which is perhaps to be 
expected, as this is measuring a slightly different quantity.     
7.6.6.4 Skin with Burns and Dressing Materials   
Experimental images for porcine skin sample (length=120 mm, and width=70 mm) 
with burns and a five-layer gauze burn bandage were obtained by using the active 
microwave scanner and the methodology described in section 7.6.4 and Figure 7.16.  
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Figure 7.20: Microwave images for the skin with burns and dressing materials over 
the band 15-40 GHz; case (a) represents SAR microwave image 32 x 30 pixels for the 
skin with burns and dressings obtained from the amplitude of S11, (b) represents SAR 
microwave image with interpolation 249 x 233 pixels obtained from the amplitude of 
S11, (c) represents SAR microwave image with interpolation 249 x 233 pixels obtained 
from the phase of S11, and (d) represents the skin with burns photo.   
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Experimental results in Figure 7.20 (a) and (b) indicate that the images obtained from 
the amplitude measurements of the scattering parameter S11 are capable of detecting 
burns under a five-layer burn gauze bandage. This is potentially useful as a wound 
may be monitored without the removal of the protective bandage. The images also 
provide measurements about the burn width ~20.0 mm and they identify clear 
boundaries and limits between the normal skin and the burn-damaged skin. 
Furthermore, the images also indicate that adding dressing materials decreases the 
reflectance of the skin by ~0.02. This can be observed clearly by comparing the 
reflectance of the images in Figures 7.20 (a) and (b) to that in Figures 7.19 (a) and (c). 
This is consistent with the fact that dressing materials increase the transmission 
between the air/skin interface and this increases the emissivity of the skin and as a 
result decreases the reflectance [3].   
Experimental image for burn-damaged skin obtained from the phase measurements in 
Figure 7.20 (d) is not similar to that obtained from the amplitude measurements in (a) 
and (b). As amplitude and phase are different physical quantities, it is reasonable to 
find similarities and differences in the obtained images from those two quantities. The 
differences in the phase and the amplitude images suggest that there is more 
information there to be extracted than has already been in this thesis, which could be 
the subject of future research.  
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7.7 Discussion  
The measurements in this chapter present images for the human hands and the porcine 
skin samples taken from passive and active scanners. The results obtained from these 
images indicate that it is feasible to detect features of the skin under dressing materials. 
These features might be burns, water, cream layers, and missing or damaged body 
parts. These measurements suggest that active and passive microwave and MMW 
scanners might be efficient tools for monitoring the wound healing progress under 
dressing materials without the necessity of dressings removal.  
The measurements conducted on the palm of the hand skin in normal, wet states, and 
with cream layers using a 250 GHz ThruVision passive imager indicate that passive 
images can identify water and cream layers on the human skin with and without the 
presence of dressing materials, even though the MMW radiation is highly absorbed 
and attenuated in water [25]. However, measurements confirm that it is possible to 
form images of the human hand under the cream, water and dressing materials using 
a passive imaging system. This indicates that the passive imaging system might be 
used as a non-contact technique for monitoring the wound healing under dressing 
materials without their painful removal. The technique might be also useful for 
identifying the signs of infection such as exudates (that consist mainly of water), 
swelling, and this can be achieved by comparing the image with other images taken at 
different days (change detection).  
Experimental images obtained on the palm of the hand of a male participant using a 
250 GHz ThruVision passive imager indicate that the passive imaging system can 
penetrate dressing materials and provide precise information about different parts of 
the hand such as the number of fingers and the shape of the parts with the presence of 
dressing materials. This confirms that passive MMW imaging system is capable of 
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identifying deformed or missing body parts under dressing materials without the 
necessity of dressing removal. This capability might allow the system to detect 
changes on the skin surfaces during the wound healing process.  
 The measurements conducted on porcine skin samples before and after the application 
of localised heat treatments with and without the presence of dressing materials 
indicate that passive imaging system can detect single and multiple burns under 
dressing materials. The measurements also indicate that the system can distinguish 
between the unburned skin (white, lower emissivity) and the burn-damaged skin (red, 
higher emissivity). For in vivo scenarios, it is expected that similar images might be 
obtained, as there are differences in emissivity values between normal skin and burn-
damaged skin [124]. These differences exist in all types of burns and it is expected 
that these differences are getting significant in serious injuries and burns situations 
where the removal of dressing materials might be uncomfortable and painful to the 
patients. These significant differences increase the chance of obtaining good images 
as the images clearly distinguish between the burn and the unburned skin.  It is also 
expected that the images obtained from a living organism might have different 
representation based on the degree of the burns and the presence of exudates and 
infections.  As an example of this is the second-degree burn with exudates that is 
expected to have lower emissivity value compared with unburned skin. In this case, 
the image will show the normal skin in red colour (higher emissivity) and the burn-
damaged skin in white or yellow colour (lower emissivity). However, for the third-
degree burn injury it is expected to see the normal skin in white or yellow colour 
(lower emissivity) and the burn-damaged skin in red colour (higher emissivity).  
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Images obtained from porcine skin samples using an active microwave scanner 
operating over the band (15-40) GHz indicate that skin and burns can be detected and 
observed through dressing materials. The measurements also indicate that there are 
differences in the reflectance values between unburned and burned damaged skin. This 
capability means that the active microwave imaging system is feasible for detecting 
burns and skin conditions.   
Images obtained from porcine skin samples using an active microwave scanner 
indicate that there is useful information in the amplitude and the phase measurements 
of the scattering parameter S11. 
The measurements in this chapter indicate that the use of both active and passive 
imaging systems is feasible for detecting features of the skin under dressing materials. 
An active imaging system has the advantage of higher penetration capabilities that 
allows assessing the internal structure of the target area of the skin [171]. These 
capabilities are depending on many factors such as the incident power level, the 
exposure time limit, the integration time and the noise level. Whereas, the passive 
imaging system is free from artefacts such as speckle and clutter [201]. The main 
characteristics of the two imaging systems are summarised as illustrated in   Table 7.1.  
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Key features                                              Passive imaging system 
              
Active imaging system 
Frequency band 
 
232-268 GHz 15-40 GHz 
Centre frequency                                                  
 
250 GHz 27.5 GHz 
Wavelength  
 
1.2 mm at (250 GHz) 10.9 mm at (27.5 GHz) 
Type of radiation 
 
Non-coherent Coherent 
Image is formed based on 
 
Intensity of radiation Complex Scattering S11 
Key quantity to measure 
 
Emissivity Reflectivity  
System bandwidth 
 
36.0 GHz 25.0 GHz 
Penetration depth  
 
~0.238 mm at 250 GHz ~2.0 mm at 15 GHz  
Limitations A significant contrast in 
 the radiation temperature 
is required between the 
burned and the unburned 
skin to obtain a good 
image. 
Speckle starts to degrade 
 the quality of the images 
at the resolution limit. 
The system is sensitive to 
the alignments.  
Table 7.1: Key features and properties of passive and active MMW imaging systems. 
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7.8 Conclusions  
In vivo passive images obtained over the band 232 GHz to 268 GHz on the palm of 
the hand region with and without dressing materials in normal, wet and with cream 
states indicate that dressing materials are completely transparent (transmission is 
greater than 80% depending on the thickness of the bandage as discussed and 
measured in chapter 5) to MMW radiation as thin layer of water, missing part of the 
hand and shape of the hand are seen through dressing materials. 
 Passive images obtained on porcine skin samples using the ThruVision imager 
indicate that single and multiple burns are observed under dressing materials. These 
results together with the results obtained from the human hand indicate that passive 
MMW imaging system might be used as a non-contact diagnostic technique for 
assessing dressed burn wounds as it can detect signs of infection (exudates), burns, 
disorder, and missing parts under dressing materials.  
Active microwave images acquired over the band 15 GHz to 40 GHz on porcine skin 
samples with and without dressing materials indicate that skin and burns are observed 
through dressing materials. The images also show that skin with burns has higher 
reflectance ~0.05 compared with that without burns. These results indicate that an 
active microwave scanner can be used for monitoring the wound healing process under 
dressing materials.  
Experimental images obtained from passive and active imaging systems over different 
frequency bands demonstrate the potential of the microwave and the MMW radiation 
for medical applications. Further recommendations and plans for future work will be 
discussed in the next chapter.  
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Chapter 8 
Conclusions and Future Work  
This chapter is a summary of the thesis and plans for future research.   
8.1 Thesis Summary and Conclusions   
The research of this thesis is to assess the feasibility of using the microwave and the 
MMW radiation to detect and assess burn wound under dressing materials. The 
research falls naturally into five phases for achieving the aim and the objectives of the 
thesis (discussed in details in chapter 1, section 1.2) and these are detailed below:  
1) Objective 1: A half space electromagnetic model has been constructed and 
developed and this has indicated: 
 Simulation results obtained from a half space electromagnetic model indicate 
differences in emissivity between healthy skin and diseased skin (skin with 
differing water contents, burn-damaged skin, skin mutated by basal cell 
carcinoma, dry skin, wet skin, and skin after the application of aqueous gel) 
are large enough to be measured using active and passive sensors. Such 
instruments are also capable of making these measurements without making 
physical contact with the skin. These findings indicate the potential for this 
band of the electromagnetic spectrum for offering a non-contact method of 
assessing skin diseases and disorders, which may offer particular benefits in 
the field of medicine.  
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2) Objective 2: Single channel radiometers centred at 95 GHz and 90 GHz are 
calibrated and characterised for measuring the human skin emissivity in vivo. 
The 95 GHz measurements were of a sample of 30 healthy participants 
whereas the 90 GHz measurements were of two groups of healthy participants, 
each consisting of 60 participants. The results are: 
 A methodology for measuring the human skin emissivity has been developed 
and applied. The methodology involves calibrating radiometers and using 
these to measure radiometric emission, then deriving equations to convert 
these measurements into emissivities.  
 Radiometric measurements show the quantitative variations in the skin 
emissivity between locations on the arm, gender, individuals, body mass index, 
different age groups, and ethnicity. The study reveals that these variations are 
related to the skin thickness, water content, and hydration level of the skin. In 
general, the lower values of the mean emissivity are a result of measuring 
particularly thin skin, whereas the higher values of the mean emissivity are 
results of measuring thick skin.  
 Human skin emissivity measurements reveal that there is a signature for the 
human skin over the MMW band. This finding opens a new window of 
research in security screening, this being the identification of boundaries and 
limits for the emissive and reflective properties of different parts of the human 
body, as a means to anomaly identification.  
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3) Objectives 3: A single channel calibrated radiometer centred at 90 GHz is used 
to measure the emissivity of 15 fresh porcine skin samples. The measurements 
were conducted on samples with and without dressing materials and before and 
after the application of localised heat burns, in which the following outcomes 
have been achieved: 
 Different methodologies have been developed and applied for measuring the 
emissivity of the porcine skin samples with and without dressing materials and 
before and after the application of heat treatment.  
 A methodology for measuring the transmission and the attenuation of dressing 
materials has been developed and applied on different types of dressing 
materials, having different thicknesses and textiles.  
 Radiometric measurements conducted on porcine skin samples after the 
application of burns indicate that there is a clear signature of the burn and that 
it can be detected and observed through dressing materials. The signature 
indicates that the lower emissivities of burn-damaged skin are indicative of the 
presence of exudates, infection or a non-healing state of the skin, whereas the 
higher emissivities are indicative of a dry burn.  
 Experimental results conducted on porcine skin samples indicate that 
radiometric sensitivity is sufficient to distinguish between different burn 
depths as the mean emissivity values of the burn-damaged skin are higher after 
varying doses of localised heat treatment.  
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4) Objective 4: A vector network analyser has been used to make radar 
measurements on dressing materials and on a hand support cast. The 
measurements were conducted on dressing materials having varying moisture 
contents and various medicinal creams used in the treatments of burns and 
injuries. The following outcomes have been achieved: 
 A development of data processing methodology combined with deconvolution 
techniques has been introduced and applied on dressing materials samples and 
the hand support cast. This produced high-quality images with minimum 
dispersion. These images identify the reflection peaks of the front and the back 
surface of the samples. 
 Radar measurements indicate that MMW radiation penetrates dressing 
materials samples and can be used to provide information about the 
propagation path lengths of the samples and the hand support cast, using the 
distance between two reflection peaks. 
 Reflection measurements of dressing material samples coated with a medicinal 
cream layer and water indicate that it is possible to sense features under the 
cream and water, as a metal plate could be seen through wet bandage and 
bandages coated with different types of creams. These signatures suggested 
that active MMW radar might be an effective tool for monitoring the wound 
healing process under dressing materials, without their often-painful removal, 
and without having direct contact with the human body.  
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5) Objective 5: Experimental images obtained from passive and active scanners 
have been presented and discussed. The images were obtained from human 
hands and porcine skin samples in which the following outcomes have been 
achieved: 
 Experimental images obtained from passive and active scanners indicate that 
it is feasible to detect features of the skin under dressing materials. These 
features might be burns, water, cream layers, and missing or damaged body 
parts. These measurements suggest that active and passive microwave and 
MMW scanners might be used as a non-contact diagnostic technique for 
assessing dressed burn wounds.  
 Images obtained from a passive MMW imager demonstrated measurable 
changes in emissivity of hands under dressing materials in dry and wet 
conditions, and also when coated with thin layers of medicinal cream.  
 
 
 
 
 
 
 
 
 
 
 
284 
 
The main aim and the objectives of this thesis have been fulfilled through the 
measurements and the half space electromagnetic model as summarised in Table 8.1: 
Thesis objectives 
 
Fulfilled 
Develop a model for diagnosing the contrast between 
natural skin and damaged skin i.e. (skin with burns, 
skin mutated by basal cell carcinoma, and skin with 
different water contents). 
Chapter 3 
Assess the variation in emissivity between individuals 
and locations on the arm.  
Chapter 4 
Demonstrate how passive MMW imaging systems can 
be used for monitoring changes in emissivity under 
dressing materials. 
Chapter 5 and Chapter 7 
Determine the feasibility of using active MMW radar 
systems to penetrate dressing materials and provide 
information about the propagation path length through 
dressing materials i.e. (thickness of the dressings). 
Chapter 6 
Determine the feasibility of sensing and imaging 
burns under dressing materials using both passive and 
active imaging systems. 
Chapter 5 and Chapter 7 
Table 8.1: An overview of the thesis objectives that have been achieved. 
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8.2 Future Work  
This thesis has raised a number of key aspects and research ideas that are worthy of 
further investigation as they have potential for future commercial development with 
an industrial manufacture and a practitioner as an end-user for medical applications. 
Future areas of work are: 
 As the half space model identifies the potential of using radiometry as a non-
contact technique for non-invasive diagnosis of diseased skin, it is 
recommended that measurements be made on participants having a range of 
medical conditions and diseased skin such as eczema, psoriasis, malignancy, 
and thermal burn. This will demonstrate the potential and the measured 
signatures of the diseased skin can be compared with the predictions in this 
thesis. This might be done at a range of frequencies (35 GHz, 60 GHz, 90 GHz, 
and 120 GHz) the lower frequencies offering greater penetration into the skin 
and underlying tissue. 
 It is recommended that passive and active images are acquired from patients 
having different degrees of burn injury. These would be analysed to obtain a 
deeper understanding of the emissivity and the reflectivity of the skin and how 
these might change between patients and with the severity of the burn injuries. 
Furthermore, this will allow a comparison to be made between the human skin 
images and the porcine skin images conducted in this thesis, and this might 
help in identifying similarities and differences between the human skin and the 
porcine skin.   
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 It is recommended that a more sophisticated electromagnetic model of the skin 
is developed to describe the complex structure of the epidermis and the dermis 
layers of the skin. This will provide more information about the skin and how 
different layers of the skin interact with each other in healthy and non-healthy 
states. This might include using an electromagnetic simulation, structure 
simulator, and a number of proprietary software products that are currently 
available. 
 It is recommended that further analysis to be made on the active microwave 
images presented in chapter 7 to determine the level of speckle (an artefact of 
imaging using a coherent source of radiation). This analysis will help in 
identifying whether the phase and the amplitude images can provide additional 
information about the conditions of wounds and skin diseases. 
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Appendix D: Matlab Codes  
%% Matlab Code 1 for the Metal Plate %% 
 
%% Read the data from the excel file (Metal.xlsx), the file 
consists of 512 frequency sweep (step size 49 MHz over the band 
15GHz-40GHz) and 307 zero padding points inserted over the band 
0-15GHz %% 
 
data=xlsread('Metal.xlsx'); 
 
%% Identify how many times each data point is measured %% 
 
Length=10; 
 
%% Identify the frequency (column 1 in the excel file) 
  
freq=data(:,1)*1e6; 
 
%% Identify the time limits in Nano-Seconds%% 
Time=0:0.025:20.45; 
  
%% Identify the real part of the scattering parameter S11 %% 
 
S11_Real_Metal=data(:,2:11); 
 
%% Identify the imaginary part of the scattering parameter S11  
 
S11_Imaginary_Metal=data(:,12:21); 
 
%%Find the mean value of the real part of S11%% 
 
mean_real_Metal=(data(:,2)+data(:,3)+data(:,4)+data(:,5)+data(:,6
)+data(:,7)+data(:,8)+data(:,9)+data(:,10)+data(:,11))/Length; 
 
%% Find the mean value of the imaginary part of S11%% 
 
mean_imaginary_Metal=(data(:,12)+data(:,13)+data(:,14)+data(:,
15)+data(:,16)+data(:,17)+data(:,18)+data(:,19)+data(:,20)+ 
data(:,21))/Length; 
  
%% Data for the foam Absorber %%% 
 
data1=xlsread('FoamAbsorber.xlsx'); 
 
%% Identify the real part of the scattering parameter S11 %% 
 
S11_Real_Absorber=data1(:,2:11); 
 
%% Identify the imaginary part of the scattering parameter S11  
 
S11_Imaginary_Absorber=data1(:,12:21); 
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%%Find the mean value of the real part of S11 for the foam %% 
 
mean_real_Absorber=(data1(:,2)+data1(:,3)+data1(:,4)+data1(:,5
)+data1(:,6)+data1(:,7)+data1(:,8)+data1(:,9)+data1(:,10)+data
1(:,11))/Length; 
 
%% Find the mean value of the imaginary part of S11 for foam  
 
mean_imaginary_Absorber=(data1(:,12)+data1(:,13)+data1(:,14)+ 
data1(:,15)+data1(:,16)+data1(:,17)+data1(:,18)+data1(:,19)+ 
data1(:,20)+data1(:,21))/Length; 
  
%% S11 for the Metal plate without Internal Reflection (WIR)%% 
  
S11_Real_WIR=mean_real_Metal-mean_real_Absorber; 
 
S11_Imaginary_WIR=mean_imaginary_Metal-mean_imaginary_Absorber; 
 
A=S11_Real_WIR+i*S11_Imaginary_WIR; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Frequency domain plot %% 
 
% D=abs(A) 
 
% plot(freq,D) 
 
% xlabel('Frequency,(GHz)') 
 
% ylabel('Magnitude of S11') 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  
 
%% Time Domain Plot %% 
 
%% Perform the Deconvolution %%  
 
B=A./A; 
 
W=exp(6*pi*freq*1.09e-9*i); 
 
Z=B.*W; 
 
%%Perform the Inverse Fast Fourier Transform to convert the 
data from frequency domain into time domain%%  
 
 C=ifft(Z); 
 
 %% Plot the Magnitude of S11 versus the Time %%  
 
  plot (Time,abs(C),'r') 
 
  xlabel('Time (ns)') 
 
  ylabel('Magnitude of S11') 
   
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% End %%%%%%%%%%%%%%%%%%%%%%%%% 
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%% Matlab Code 2 for the Sample under Test %% 
 
%% Read the data for the sample, metal plate and foam absorber 
%% Each file consists of 512 frequency sweep (step size 49 MHz 
over the band 15 GHz-40 GHz)and 307 zero padding points inserted 
over the band 0-15 GHz %% 
 
data=xlsread('Sample.xlsx'); 
 
data1=xlsread('FoamAbsorber.xlsx'); 
 
data2=xlsread('Metal.xlsx'); 
 
%% Identify how many times each data point is measured  
 
Length=10; 
 
%% Identify the frequency (column 1 in the excel file) 
 
f=data(:,1)*1e6; 
 
%% Identify the time limits in Nano-Seconds%% 
 
Time=0:0.025:20.45 
 
%% Identify the real part of S11 for the sample 
 
S11_Real_Sample=data(:,2:11); 
 
%% Identify the imaginary part of S11 for the sample  
 
S11_Imaginary_Sample=data(:,12:21); 
 
%%Find the mean of the real part of S11 for the sample 
 
mean_real_Sample=(data(:,2)+data(:,3)+data(:,4)+data(:,5)+data(:,
6)+data(:,7)+data(:,8)+data(:,9)+data(:,10)+data(:,11))/Length; 
 
%%Find the mean of the imaginary part of S11%% 
 
mean_imaginary_Sample=(data(:,12)+data(:,13)+data(:,14)+ 
data(:,15)+data(:,16)+data(:,17)+data(:,18)+data(:,19)+ 
data(:,20)+data(:,21))/Length; 
 
%%%%%%%%%%%%%%% Foam Absorber %%%%%%%%%%%%%% 
 
%% Identify the real part of S11 for the Foam 
 
S11_Real_Foam_Absorber=data1(:,2:11); 
 
%% Identify the imaginary part of S11 for the Foam 
 
S11_Imaginary_Foam_Absorber=data1(:,12:21); 
 
%%Find the mean of the real part of S11 for the Foam  
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mean_real_Foam_Absorber=(data1(:,2)+data1(:,3)+data1(:,4)+data
1(:,5)+data1(:,6)+data1(:,7)+data1(:,8)+data1(:,9)+data1(:,10)
+data1(:,11))/Length; 
 
%%Find the mean of the imaginary part of S11 for the Foam 
 
mean_imaginary_Foam_Absorber=(data1(:,12)+data1(:,13)+data1(:,
14)+data1(:,15)+data1(:,16)+data1(:,17)+data1(:,18)+data1(:,19
)+data1(:,20)+data1(:,21))/Length; 
  
%%%%%%%%%%%%%%%%% Metal Plate %%%%%%%%%%%%%%%%%%%%% 
 
%% Identify the real part of S11 for the Metal Plate 
 
S11_Real_Metal=data2(:,2:11); 
 
%% Identify the imaginary part of S11 for the Metal Plate 
 
S11_Imaginary_Metal=data2(:,12:21); 
 
%%Find the mean of the real part of S11 for the Metal Plate 
 
mean_real_Metal=(data2(:,2)+data2(:,3)+data2(:,4)+data2(:,5)+ 
data2(:,6)+data2(:,7)+data2(:,8)+data2(:,9)+data2(:,10)+data2(
:,11))/Length; 
 
%%Find the mean of the imaginary part of S11 for the Metal  
 
mean_imaginary_Metal=(data2(:,12)+data2(:,13)+data2(:,14)+data
2(:,15)+data2(:,16)+data2(:,17)+data2(:,18)+data2(:,19)+data2(
:,20)+data2(:,21))/Length; 
 
%%% S11 for the sample without internal reflection (WIR)%% 
 
S11_Sample_real_WIR=mean_real_Sample-mean_real_Foam_Absorber; 
 
S11_Sample_imaginary_WIR=mean_imaginary_Sample-
mean_imaginary_Foam_Absorber; 
 
A=S11_Sample_real_WIR+i*S11_Sample_imaginary_WIR;  
  
%%% S11 for the Metal without internal reflection (WIR)%% 
 
S11_Real_Metal_WIR=mean_real_Metal-mean_real_Foam_Absorber; 
 
S11_Imaginary_Metal_WIR=mean_imaginary_Metal-
mean_imaginary_Foam_Absorber; 
 
A1=S11_Real_Metal_WIR+i*S11_Imaginary_Metal_WIR; 
 
%% Perform the Deconvolution %%  
 
W=A./A1; 
 
B=exp(-2*pi*f*5e-9*i); 
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Z=W.*B 
 
%%Perform the Inverse Fast Fourier Transform to convert the 
data from frequency domain into time domain%%  
 
C=ifft(Z); 
 
%% Plot the Magnitude of S11 versus the Time %%  
 
plot (Time,abs(C),'r') 
 
xlabel('Time (ns)') 
 
ylabel('Magnitude of S11') 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% End %%%%%%%%%%%%%%%%%%%%%%%%% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
